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AEROSOL SAMPLING MODELS SURVEY

SECTION 1 ~ INTRODUCTION

1.1 BACKGROUND

Aerosol sampling and transport systems are extensively
used for various applications that include measuring airborne
particle size distributicns and concentrations. Characterization
of obscuration smokes is an example of such a use (Ref. 1}.

In aerosol measurements, as in many other measurements,
it is often not feasible to perform an in_situ measurement.
There is a spatial distance between the site of measurement and
the instrument in which the actual analysis is performed. 1In
order to bridge this gap, a sample must be taken since in almost
all cases it is impossible to analyze the total amount of aerosol
(Ref. 2). The aerosocl sample is then transported to the
instrument.

Generally, aerosol sampling devices include an inlet
sampling probe and a detector. Results of these measurements, as
observed by the detector, do not usually reflect potential losses
of particulate matter within the probe. Therefore, in many
cases, accuracy of these measurements is not known due to the
removal of particles from air streams in the inlet trains (Ref.
1).

The Obscuration Sciences Branch of Physics Division,
Research Directorate at the U.S. Army Chemical Research,
Development and Engineering Center, has undertaken a research
project. This effort is aimed at identifying a comprehensive
algorithm, computer program, or theory that might already exist
and could be used to design aerosol sampling and transport
systems. Initially, a literature survey was performed by the
Obscuration Sciences Branch which began with several hundred
potential articles and has been distilled to four candidate
reports.

1.2 OBJECTIVE

The objective of this effort is two-fold: the first is
to evaluate the four candidate aerosol sampling models for self
consistency. The second is to compare the numerical calculations
resulting from the four models and compare these model-derived
results to the experimentally-derived results.

11
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1.3 STUDY APPROACH

The technical approach used to accomplish the task
objective hinged on the implementation of four key .teps
(phases).

In the first phase, information on each of the models
was reviewed in order to gain an understanding of the theory,
capabilities, limitations, and input parameters to the model.
This first phase involves a write-up describing each of the
models.

The second phase required development of an aerosol
sampling train configuration upon which the numerical
calculations would be performed and the experimental data would
be generated. This phase required a write-up detailing the
sampling train configuration.

The third phase required that numerical calculations be
made for each of the four models based on the design parameters
of a baseline simulated set of conditions.

The fourth phase regquired a comparison of the numerical
calculatior:; generated by the four models. In addition, a
comparison will be made of these model-generated results to the
experimentally~-derived results. Findings, conclusions and
recommendations will be compiled resulting from these
comparisons.

12




SECTION 2 - AEROSOL SAMPLING MODEL DESCRIPTION

2.1 INTRODUCTION

As part of the literature search conducted by the
Obscuration Sciences Branch to identify algorithms, computer
programs, or theory which already exist and could be used to
design aeroscl sampling and transport systems, four candidate
models/computer programs and/or theory/algorithms/equations were
identified. The four candidates were the following:

° A numerical model and computer program developed
by Texas A&M University, College Station, TX, to
predict particle deposition in aerosol sampling
lines due to turbulent diffusion and gravitational
settling.

° An analytical model and computer program (SAMPF)
developed by Battelle, Columbus, OH, to predict
aerosol deposition in straight and bent circular
pipes under turbulent flow conditions.

. A theoretical model and computer program developed
by IITRI, Chicago, IL, to estimate sampling errors
as a function of various inlet geometrics and
parallel plates of various openings.

. A report authored by Drs. Fissan and Schwientek,
University of Duisburg, GE, which gives the
conditions for representative sampling in the case
of a ducted aerosol flow, as well as equations
that allow a first estimation of errors.

A description of the four candidate models is presented
in the subsequent sections (i.e., Sections 2.2 to 2.5).

2.2 NUMERICAL MODEL DEVELOPED BY TEXAS A&M UNIVERSITY

A computer-based model to predict particle deposition
in aerosol sampling lines due to turbulent diffusion and
gravitational settling was developed by Mr. N.K. Anand and Dr. A.
R. McFarland of Texas A&M University at College Station, TX (Ref.
3). Models developed by others for determining penetration
through tube bends are included.

In modeling the individual components of the aerosol

sampling train, consideration was first given to the inlet
aspiration ratio A, where:

(1)

13




Here: C, = aerosol concentration in the free stream and C, =
aerosol concentration at the entrance plane of the inlet. The
model of Vincent et al. (Ref. 4) was used to compute the
aspiration ratio, which gives:

1
A =1+ [1 - : } (R cos6 - 1)
1 + 1.05-Stk:(cos8 + 4 (R'sin®) ")

(2)

Where: R = W/V, W = airstream velocity, V = velocity at the
entrance plane of the inlet, 6 = angle between the wind velocity
vector and the tube axis vector (which faces into the inlet), and
Stk = Stokes number. The Stokes number is given by:

C'd'Dpz'W
Stk = (3)
94D,

The additional parameters in the Stokes number are: C =
Cunningham's slip correction (Ref. 5), d = particle density, D, =
particle diameter, u = air viscosity, and D, = inlet diameter
{(which, in this system, is the same as the tube inside diameter).

Once the aerosol is inside the inlet there are losses
in the developing boundary layer due to gravitational and
inertial forces. Okazaki and Willeke (Ref. 6) presented a
semiempirical model which predicts these inlet losses. They note
that supportive experiments were mostly conducted with tube
Reynolds numbers less than 2000. Their model is:

P =1 - exp [-—4.7-1{"'75] (4)

where:

z-stk 19%3
]

K= [
ReO.S

The parameter Z used in Equation 5 is the gravitational settling
number and is given by:

L'V,
2 = —— (6)
W'D,

where: L = tube length over which sedimentation in the
developing boundary layer is important and V, = particle
gravitational settling terminal velocity. 1In turn, \A is
calculated from:

14




C'd'Dpz'g
Vy, = (7)
18- u

where: g = local gravitational constant.

In using the model of Okazaki and Willeke, Texas A&M
assumed that the phenomena were of consequence over the first 20
cm of the first horizontal straight section of tubing. For the
remainder of this section and the other straight sections, Texas
A&M used the model of Anand and McFarland (Ref. 3) which takes
into account both gravitational settling and turbulent deposition
and which is applicable to horizontal, inclined and vertical
tubes. The model uses the expression for the penetration of
aerosol particles through a straight tube:

(8)

m'D,*V, L
P=exp -
Q

where: V, = effective depositional velocity of aerosol particles
to the tube walls, L = length of tube and Q = volumetric flow
rate. The depositional velocity is comprised of that due to
turbulent diffusion, V., that due to gravitational settling, Vo
and that due to thermal diffusion, V,. The velocity vectors for
thermal and turbulent diffusional deposition are both normal to
the tube wall whereas the gravitational deposition is
antiparallel to the gravitational vector. 1In the present
application, the depositional losses due to diffusion are of no
consequence and will be neglected. For the model of Anand and
McFarland (Ref. 3), the effective depositional velocity is
calculated from:

1

(Vg = VgsSina) de
2n
(9)
where: V_ =V sing, ¢ = angle of inclination of the pipe
relative to thé vertical direction, a = angle in the tube cross
section between a radius vector and x-axis of the horizontal
plan. The integral is subject to the constraint:

(Vg = Vg sina ) >0 (10)
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If the constraint is not satisfied, V, = 0. This constraint is
necessary since otherwise the physical situation would be
equivalent to mass being transported from the environment through
the top (relative to the gravitational vector) side of the tube

wall.

The Texas A&M model originally utilized the results of
Liu and Agarwal (Ref. 7) to predict the turbulent depositional
velocity, V.. Their semiempirical expression is:

Ve, = V, W (£/2)"° (11)

Here, f is the friction factor of the airflow in the tube which,
for a smooth wall pipe, can be represented by Blasius' egquation:

0.316
f= —— (12)

4 ,Re0.25

The parameter V, is the dimensionless particle deposition
velocity and is given by:

v

i

6.9 x 107 1, for 7, < 15

+

(13)

vV, = 0.16/ 1,008 for 1, > 15

+

Here, 7, is the dimensionless stopping distance and is given by:

T, = T-Vf / Vv (14)
where: 7 = particle stopping distance, V, = friction velocity and
v = kinematic viscosity of air. In turn, these parameters may be
expressed as:

T=V, /g (15)
v, = (£/2)°°v (16)
where: V = spatial mean air velocity in the tube.

Recently, Texas A&M has modified their model to utilize
the predictive capabilities of the Beal (Ref. 8) formulation for
turbulent and thermal diffusional losses in straight tubes.
Beal's model is much more complicated than that of Liu and
Agarwal and its basis will not be discussed herein; however, for
particles in the inertial range, the two models give similar
results. The computations which were carried in the present
study employed the model of Beal.

16




Particle deposition in tube bends can be correlated
with the Stokes number (Cheng and Wang (Ref. 9), Pui et al.,
(Ref. 10)). For this task, Texas A&M has used the model of Pui
et al., which for 90° bends is:

p = 1070963 st (17)

For 45° bends, the numerical factor in the exponent of Equation
(17) is 0.482.

To calculate overall aerosol penetration through the

tubing system, P ;, for monodisperse aerosols of size D, i, Texas
A&M used the expression (Ref. 11):

P,; =1 P, ; (18)
where: P, . = penetration of the ith particle size through the

jth component (inlet aspiration, turbulent deposition, etc.).
Data are reported for both the overall penetration and the
penetration for the individual components.

For the calculational cases involving aerosol
penetration through the individual tubing components, the order
of the calculations makes no difference if the aerosol is
monodisperse; however, if the aerosol is polydisperse, the
calculations must be carried out for the actual sequence of
components in the tubing system layout.

The calculations for polydisperse aerosols were
performed by first subdividing a log-normal distribution into
thirty particle size increments. The aerosol penetration through
the jth component of the system is based on:

P, =C; / C, (19)
where: C. = relative aerosol concentration at the exit plane of
the jth component and C, ; = relative aerosol concentration at the

entrance of the jth component. It was assumed that the aerosol
concentration in the free stream was unity. The parameter C. was
determined by adding the concentration values associated wit
each of k particle size increments.

C. = % Cj.k

: (20)

The change in aerosol concentration of the kth particle size

increment was obtained from the appropriate component model
(inlet aspiration, elbow, etc.).
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2.3 NUMERICAL MODEL DEVELOPED BY IITRI

A theoretical model and computer program was developed
by IITRI (Ref. 12) to estimate sampling errors as a function of
various inlet geometries (e.g., circular tube of thick and thin
wall and parallel plates), of various openings. Samplers whose
face is not perpendicular to the ambient flow are simulated by a
line sink/source in a uniform stream.

The computer program actually consists of two separate
programs (Ref. 12). Program "FLOWFI" solves the fluid flow in
and around the sampling head with circular/parallel plate
geometry. Program "TRAJEC" computes the particle trajectories in
the specified flow region. The IITRI model accounts for inertial
and sedimentation effects on particle motion. Types of flow
simulated include calm air, variable flow directions, and
turbulent flow.

General equations of the IITRI model are the following:
C C, C U, §C

Sampling efficiency = n = = . = E-
c c of U c,

P —

=E - : (21)

=
a3

CCmoeNOQ
am e
0o

number of particles/unit volume in free stream
actual number of particles sensed by instrument
concentration at inlet to probe

loss of particles in probe (= C, - C)
efficiency of capture of inlet

free stream velocity

suction velocity of the sample

o

[+}

To determine the "C" terms, equations of motion/particle
trajectory equations are derived and solved, to include solutions
for samples at various angles to oncoming flow. An iterative
solution is used to determine when a particle in the free stream
actually passes through the inlet. The equations are a function
of Stokes number, sedimentation velocities, fluid velocities, and
particle velocities, all relative to the orientation thickness of
the inlet (i.e., the equations solved indicate whether a particle
goes into the inlet, hits the inlet wall, or goes "“around" the
inlet).
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Assumptions made for solving motion/particle equations
are the following:

° Particles are uniformally distributed and move
with same velocity as free stream when far from
inlet.

° Particles are spherical and do not change in size

due to agglomeration or other factors.

° Particles are "small" in comparison to probe size
and move as individual particles with no hydro-
dynamic interactions among themselves or between
probe walls.

2.4 NUMERICAL MODEL DEVELOPED BY BATTELLE

Battelle had developed earlier an analytical model
which addressed aerosol deposition in straight and bent circular
pipes under turbulent flow conditions (Ref. 13). In order to
perform the model calculations required under this effort for the
Obscuration Sciences Branch, Battelle modified it's existing
computcr :iodels. The models were modified to specifically
address aerosol deposition in a sampling probe which resulted in
the SAMPLF computer program (Ref. 1). The calculation of
particle behavior in SAMPLF is done using turbulent air flow
models for straight pipes and round circular bends.

Turbulent deposition of particles in straight pipes is
treated with the assumption that the depeosition surface may not
be ideally smooth, and even the particles deposited may result in
an increased roughness. The calculation of aerosol deposition
from turbulent flow to a rough surface is performed in SAMPLF
using correlations developed by Wood (Ref. 14). According to
this approach, deposition of particles due to molecular diffusion
enhanced by turbulent eddies and due to inertial effect are both
considered.

In bends, there exists a secondary flow that promotes a
more energetic hydrodynamic regime and higher pressure drop as
compared to a smooth straight pipe of the same length. This
provides favorable conditions for the diffusional and inertial
deposition of aerosol particles from the turbulent flow in a bent

pipe.

The Battelle model uses an assumption that turbulent
deposition velocities of suspended particles in a curved pipe and
in a straight rough pipe of the same length are equal if the
pressure drops across them, which are caused by the wall
friction, are the same. 1In other words, SAMPLF calculates
turbulent deposition in a round bend by calculating deposition in
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a section of a pressure-equivalent straight pipe of identical
length and of :.ch a roughness that it provides a identical
resistance coefficient.

In addition to turbulent deposition, SAMPLF considers
gravitational settling of particles to the horizontal surfaces of
the pipes. As a first approximation, the Stokes' formulation of
settling velocity is used.

SAMPLF calculates the steady-state deposition and
transport of aerosols through the sampling system. It calculates
fluid thermo- and hydrodynamics properties for an arbitrary set
of sample flow rates, temperature, and air humidity, and uses
these properties for evaluating the transport parameters for
airborne particulate matter.

Since aspiration, or inlet efficiency is currently not
considered by the model, isokinetic sampling is assumed in the
calculations. Also, this version of the program does not
consider the potential for resuspension of deposited particles.

2.5 NUMERICAL MODEL DEVELOPED BY UNIVERSITY OF DUISBURG

The Fissan and Schwientek paper (referred to in this
report as the University of Duisburg model) (Ref. 2) gives the
conditions for representative sampling of aerosols for the case
of sampling of an aerosol flowing through a duct using a thin
walled probe facing upstream (0° inlet orientation). Equations
are presented which allow a first estimation of errors caused by
anisokinetic sampling. 1In addition, equations are presented
which address the particle deposition effects in the transport of
the aerosol to the site of the analysis. The transport
deposition effects considered, in laminar and turbulent flow, are
Brownian diffusion, gravitational settling, and inertial
deposition. Although these effects are interdependent, they are
treated separately in the paper.

The discussion of the paper will be presented in three
parts. These three parts relate specifically to different
regions of the aerosol sampling train. The three parts are the
following:

e Calculation of the sampling efficiency
e Calculation of transport efficiency through a

straight tube
e Calculation of transport efficiency through a 90°

bend

A listing of the computer program by General Management
Associates (GMA) which incorporates and extends the equations
presented in the Fissan and Schwientek paper is attached at
Appendix A.
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2.5.1 CALCULATION OF THE SAMPLING EFFICIENCY

The sampling efficiency, e,, is the ratio of the
sampled aerosol concentration to the ambient aerosol
concentration. This efficiency is a function of the Stokes
number, Stk,, and the ratio W/V, where W is the face velocity of
the aerosol and V is the suction veloctiy created by the sampling
probe. For sampling, the Stokes number is given by the following

relation.

C:d'D2 W
Stk, = (22)
9-u'D

S

Face velocity

Inside diameter of probe
Dynamic viscosity of fluid
Density of aerosol particle
Diameter of aerosol particle
Cunningham slip correction

where

oWy oy

W
DS
M
d
D
p
The Cunningham slip correction is given by:

2
[6.32 + 2.01'exp(—.1095'P’D& ] (23)

(@]
|
[
+

P'Dp
Anmbient pressure in cm Hg

where P
Diameter of aerosol particle in microns

()
o

The sampling efficiency is given by:

2°(W/V) + 0.62

e, =1 + (W/V ~1) [ = } (24)
(W/V)-Stk,' + 2:(W/V) + 0.62

2.5.2 CALCULATION OF TRANSPORT EFFICIENCY THROUGH A STRAIGHT

TUBE

In laminar flow, thc aerosol particle losses occur by
two mechanisms, Brownian diffusion and gravitational
sedimentation. The losses through a section of straight tube by
Brownian diffusion are independent of the orientation of that
tube within a gravitational field. The following are the
equations describing aerosol particle losses due to Brownian
diffusion under laminar flow conditions.
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n=0.819-¢%%% 4+ 0.097-¢%®* 4+ 0.032-°7

for X > 0.02 (25)

n=1-=-2.5-X’%4+1.2:%X + 0.177- X3

for X < 0.02 (26)
where X = n'D'L/Q
D = Brownian diffusion coefficient of aerosol particle
L = Length of the tube
Q = Volumetric flow rate within tube

The Brownian diffusion coefficient of the aerosol
particle is calculated from the following equation.

k-T-C
D= ——— (27)
3‘ﬂ'u'Dp

Boltzman's constant

Absolute temperature within probe
Cunningham slip correction
Dynamic viscosity of fluid
Diameter of aerosol particle

where

Or 0ol X
U g nn

The aerosol particle losses in a horizontal tube due to
gravitational sedimentation is representated by the following
equation.

2
n=1 - [2,¢.(1 - 6?2 4 o ginled - V3. (1 - ¢2/3)z/2}

7
(28)
where (3/8) ' (L/R) " (V,/V)
Length of the tube
Radius of the tube
Sedimentation velocity
Linear velocity in the tube

I I

The aerosol particle sedimentation velocity can be expressed as:

V, = 0.003:d-D,? (29)
where d = Aerosol particle density in gm/cm’
D_ = Aerosol particle diameter in microns

[

Under conditions of turbulent flow, the aerosol
particle losses are due to Brownian diffusion and inertial
deposition effects. The model describing the transport

22




efficiency is the same for both Brownian diffusion and inertial
deposition, differing only in the calculation of u, the particle
deposition velocity. This model is given by the following
relation:

-2'm°R°L-u
exp (30)
Q

n

Radius of the tube
Length of the tube
Volumetric flow rate within tube

where

R
L
Q

For losses due to Brownian diffusion, the particle
deposition velocity is given by the following equation.

u = 0.042:V-£"72.5¢c7%3 (31)
where f = Fanning friction factor
Sc = Schmidt number
V = Linear velocity in the tube

The Schmidt number is given by:

v
S¢C = ——— (32)
D

where v = Kinematic viscosity of the fluid
D = Brownian diffusion coefficient of aeroscl particle

The Fanning friction factor is given by:
0.316
f o —— (33)
4-Re'/

where Re = Reynold's number for tube

The Reynold's number for flow through a tube is given
by the following relation:

Re = ————— (34)

Diameter of the tube

Linear velocity in the tube
Density of the fluid

Dynamic viscosity of the fluia

where

T ago
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For inertial deposition of aerosol particles, the
particle deposition velocity is given by:

u = u,u (35)
where u = (f/2)’m'y
u, = (6 X 107 1,2

Dimensionless relaxation time

The dimensionless relaxation time is given by:

T-u 2
7, = —— (36)
v
where 7 = Particle relaxation time
v = Kinematic viscosity

The particle relaxation time may be calculated from the
following equation:

D,2°d-C
T = (37)
n

where Diameter of aerosol particle
Density of aerosol particle
Cunningham slip correction

3»
c
1 Dynamic viscosity of fluid

ol

2.5.3 CALCULATION OF TRANSPORT EFFICIENCY THROUGH A 90° BEND

For conditions of laminar flow, the transport
efficiency of an aerosol particle through a 90° bend is given by:

n =1~ 5tk (38)
where Stk = Stokes number

For turbulent flow, the transport efficiency of an
aerosol particle through a 90° bend is given by:

n = 10 0-963stk (39)
where Stk = Stokes number
For the 90° bend model, the Stokes number is given as:
C-d'Dpz-V

Stk = (40)
9-u-D

s
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where

Noor o<

([ I T (O

Linear velocity within tube
Inside diameter of tube
Dynamic viscosity of fluid
Density of aerosol particle
Diameter of aeroscl particle
Cunningham slip correction
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SECTION 3 - AEROSOL SAMPLING TRAIN CONFIGURATION FOR
NUMERICAL CALCULATIONS AND EXPERIMENTAL VERIFICATION

3.1 PHYSICAL DESCRIPTION

The geometry of the aerosol sampling train which was
configured for the model calculations and the experimental
verification is presented in Figure 1. As shown in the figure,
the sampling train is subdivided into six consecutive sections.
They are the following: inlet, three 2-foot long straight
sections - horizontal, vertical, and inclined - connected by a
90° elbow and a 45° elbow, respectively. Both elbows have 3-inch
radili as measured from their centers of curvature to the elbow
centerlines. The whole train is made of a nominal 3/4-inch
schedule 40 PVC smooth wall electrical conduit which has an
inside diameter of 1.05 inches. The conduit is assumed to have a
surface roughness typical for drawn tubing (brass, lead, glass,
and the like) (Ref. 15). Two inlet configurations (inlet
oriented parallel to the air stream (0°) and perpendicular to the
air stream (90°)) are being considered.

3.2 REGION OF AEROSOL SAMPLING TRAIN ADDRESSED BY FOUR
MODELS

Each of the four candidate '"models" discussed in
Section 2 simulate/characterize different regions of the six
section aerosol sampling train. Each model's characterization of
the different regions of the sampling train is presented in Table
1. As Table 1 points out, the Texas A&M and Battelle models are
the only two which simulate the 90° and 45° bends, and the
horizontal, vertical and inclined sections. The Texas A&M model
is the only one which simulates the six regions of the sampling
train. Figure 2 presents graphically the regions of the sampling
train which are characterized/simulated in each model.

3.3 PARAMETERS OF MODEL CALCULATIONS AND EXPERIMENTAL
VERIFICATION

Model calculations and experimental data (to determine
cumulative sampling efficiency (% mass)) were generated for
sampling flow rates, 70 1l/min and 130 1l/min, and an ambient wind
speed of 3 m/sec. Seven monodispersed aerosols having aerodynamic
equivalent particle diameter (AED) of 3,5,7,10,15,20, and 25
micrometers are generated and sampled. AED is defined as the
diameter of a water droplet of unit specific gravity which has
the same time constant, t, as an arbitrary particle of density d
and equivalent diameter D_.. In addition, two log-normal aerosol
distributions were generated having 5 and 10 aerodynamic mass
median diameter (micrometers) and each with a geometric standard
deviation of 1.5 micrometers. Unit density was assumed for all
airborne aerosol particles. A matrix containing the 36
simulation cases to be conducted is presented in Table 2.
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Figure 1. Schematic of Aerosol Sampling Train
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TYPE OF PARTICLE INLET PROBEa FLmTE wnmm
1. MONODISPERSED 3 o° 70 3
2. MONODISPERSED 5 o° 70 3
3. MONODISPERSED 7 o° 70 3
4. MONODISPERSED 10 o° 70 3
5. MONODISPERSED 15 o° 70 3
6. MONODISPERSED 20 o° 70 3
7. MONODISPERSED 25 o® 70 3
8. MONODISPERSED 3 o° 130 3
9. MONODISPERSED 5 o° 130 3
10. MONODISPERSED 7 o° 130 3
11, MONODISPERSED 10 o 130 3
12. MONODISPERSED 15 o° 130 3
13. MONODISPERSED 20 o° 130 3
14. MONODISPERSED 25 o° 130 3
15. MONODISPERSED 3 90° 70 3
16. MONODISPERSED 5 90° 70 3
17. MONODISPERSED 7 90° 70 3
18. MONODISPERSED 10 90° 70 3
19. MONODISPERSED 15 90° 70 3
20. MONODISPERSED 20 90° 70 3
21, MONODISPERSED 2s 90° 70 3
22. MONODISPERSED 3 90° 130 3
23. MONODISPERSED s 90° 130 3
24. MONODISPERSED 7 90° 130 3
25. MONODISPERSED 10 90° 130 3
26. MONODISPERSED 15 90° 130 3
27. MONODISPERSED 20 909 130 3
28. MONODISPERSED 25 90° 130 3
29. POLYDISPERSED MMAD=5 ( O =1.5) o° 70 3
30. POLYDISPERSED MMAD=15 ( 0 =1.5) 0° 70 3
31. POLYDISPERSED MMAD=S ( O =1.5) o° 130 3
32. POLYDISPERSED MMAD=15 (0=1.5) o° 130 3
33. POLYDISPERSED MMAD=5 ( 0 =1.5) 90° 70 3
34. POLYDISPERSED MMAD=1S (T =1.5) 20° 70 3
35. POLYDISPERSED MMAD=S ( 0 =1.5) 90° 130 3
36. POLYDISPERSED MMAD=15 ( 0 =1.5) 90° 130 3

Table 2. Matrix of Simulation Cases to be Generated for Aerosol
Sampling Train Configuration
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SECTION 4 - RESULTS OF MODEL NUMERICAL CALCULATIONS

4.1 RESULTS FROM TEXAS A&M MODEL

As mentioned earlier, numerical calculations using the
Texas A&M model were made for two log-normally distributed
aerosols and seven monodispersed aerosols for two flow rates and
two probe inlet orientations. The cumulative sampling efficiency
results (% mass) for these 36 simulation cases are summarized in
Table 3 and graphically presented in Figures 3 and 4. The
complete set of numerical calculations produced by the Texas A&M
model are provided at Appendix B.

4.1.1 Results of Monodispersed Simulation Cases

The cumulative sampling efficiency results for a
monodispersed aerosol distribution indicate the following:

° As the particle size increases, the sampling efficiency
decreases.
° An increase in the inlet probe orientation (0° to 90°)

will result in a decreased sampling efficiency.

° As the flow rate increases from 70 1l/min to 130 1l/min,
the sampling efficiency decreases.

. The larger the particle size the greater the decrease
in sampling efficiency.

° Increase in the inlet probe orientation produces a more
dramatic decrease in the sampling efficiency than does
an increase in the flow rate.

° Particle depositional losses in the elbows are
generally larger than those in the other components of
the sampling train.

4.1.2 Results of Polydispersed Simulation Cases

The cumulative sampling efficiency results for a
polydispersed aerosol distribution indicate the following:

'y As the mass median aerodynamic diameter (MMAD)
increases, the sampling efficiency decreases.

° As the flow rate increases, the sampling efficiency
decreases.

33




TYPE OF PARTICLE INLET PROBE FLOW RATE  WIND SPEED  CUMULATIVE
{min) (m/ses) SAMPLING
EFFICIENCY
(amass)
1. MONODISPERSED 3 o° 70 3 97.4
2, MONODISPERSED 5 o° 70 3 936
3. MONODISPERSED 7 o° 70 3 88.4
4. MONODISPERSED 10 o° 70 3 78.6
5. MONODISPERSED 15 a® 70 3 59.0
6. MONODISPERSED 20 0° 70 3 39.2
7. MONODISPERSED 25 o° 70 3 28
8. MONODISPERSED 3 o° 130 3 963
9. MONODISPERSED 5 o° 130 3 90.4
10. MONODISPERSED 7 o° 130 3 825
11. MONODISPERSED 10 o° 130 3 e7.8
12. MONODISPERSED 18 o° 130 3 41.0
13. MONODISPERSED 20 o° 130 3 16.6
14. MONODISPERSED 25 o° 130 3 5.6
15. MONODISPERSED 3 90° 70 3 94.3
16. MONODISPERSED 5 90° 70 3 85.6
17. MONODISPERSED 7 90° 70 3 74.7
18. MONODISPERSED 10 90° 70 3 57.0
19. MONODISPERSED 15 90° 70 3 318
20. MONODISPERSED 20 90° 70 3 152
21. MONODISPERSED 28 90° 70 3 64
22. MONODISPERSED 3 90° 130 3 943
23. MONODISPERSED 5 90° 130 3 85.5
24. MONODISPERSED 7 90° 130 3 74.0
25. MONODISPERSED 10 90° 130 3 55.1
26. MONODISPERSED 15 90° 130 3 271
27. MONODISPERSED 20 20° 130 3 87
28. MONODISPERSED 25 90° 130 3 24
29. POLYDISPERSED MMAD=5 ( G =1.5) o° 70 3 919
30. POLYDISPERSED MMAD=15( 0 =1.5) o° 70 3 55.5
31. POLYDISPERSED MMAD=S ( 0 =1.5) o° 130 3 87.8
32. POLYDISPERSED MMAD=15 (0" =1.5) o° 130 3 40.1
33. POLYDISPERSED MMAD=S$ ( 0 =1.5) 90° 70 3 82.6
34, POLYDISPERSED MMAD=15 ( 7 =1.5) 907 70 3 134
38, POLYDISPERSED MMAD=S5 ( O =1.5) 90° 130 3 822
MMAD=15 (( =1.5) 90° 130 3 208

36. POLYDISPERSED

Table 3. Cumulative Sampling Efficiency Results by Texas A & M Model

34




Parcaent Panstraotion

100

90

80

70

60

50

40

30

20

10

Figure 3. Penetration Efficiency
Texas A&M Model Monodispersed Results

Aerodynamic Particle Diameter (um)
70 L/min O + 130 U/min O ¢ 70 L/min 90 A 130 L/min 80

35




Parcent FPenmetrotion

100

90

80

70

60

50

40

30

20

10

Figure 4. Penetration Efficiency
Texas A&M Model Polydispersed Resuits

-
i
i ] I S 1 | L I | J i
2 6 10 14 18 22 26
Mass Median Aerodynamic Diameter (um)
70 L/min O + 130 Umin0 ¢ 70 L/min 9O A V33 /min 00

36




4.2

As the inlet probe orientation increases, the sampling
efficiency decreases.

Increase in the inlet probe orientation produces a more
dramatic decrease in the sampling efficie- ty than does
an increase in the flow rate.

The 5um MMAD polydispersed particle distribution
produces smaller sampling efficiencies than does the
sum monodispersed particle distribution. However, the
differences in efficiency (typically a few percent) are
considered insignificant.

The 15um MMAD polydispersed particle distribution
produces smaller sampling efficiencies than does the 15
um monodispersed particle distribution for only the 0°
inlet probe orientation and 70 1/min flow rate. Again,
these differences are considered insignificant. For
other combinations of inlet probe orientation and flow
rate, the 15 um MMAD polydispersed particle
distribution produces greater sampling efficiencies
than does the 15 um monodispersed particle
distribution. As with the other comparisons, the
efficiency differences are considered insignificant.

RESULTS FROM IITRI MODEL

As discussed earlier, the IITRI model calculates

sampling efficiencies based on characterization of the inlet
probe only. None of the other regions of the aerosol sampling
train are addressed. The complete set of numerical calculations
produced by the IITRI model is provided at Appendix C.

Sampling efficiencies as a function of monodispersed

particle size were calculated for 28 simulation cases and are
presented in Table 4 and graphically presented in Figure 5.
These results indicate the following:

As the particle size increases, the sampling efficiency
decreases for the conditions of an inlet probe
orientation of 0° and 90° and a flow rate of 130 1l/min,
and also the cases for an inlet probe orientation of
90° and a flow rate of 70 l/min. The cases for a 0°
inlet probe orientation and 70 1/min flow rate resulted
in an increase in the sampling efficiency as the
particle size increases.

The following conditions in descending order resulted

in the greatest decrease in sampling efficiency as the
particle size increases.
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TYPE OF PARTICLE INLET PROBE FLOW RATE  WIND SPEED SAMPLING
PARTICLE DISTRIBUTION a {I/imin) {m/sec) EFFICIENCY
OF INLET PROBE
(% mass)
1. MONODISPERSED 3 o® 70 3 100.7
2. MONODISPERSED 5 0° 70 3 100.7
3. MONODISPERSED 7 o° 70 3 100.7
4. MONODISPERSED 10 o° 70 3 100.7
5. MONODISPERSED 15 o° 70 3 108.4
6. MONODISPERSED 20 o° 70 3 1147
7. MONODISPERSED 25 o® 70 3 1212
8. MONODISPERSED 3 o° 130 3 94.1
9. MONODISPERSED 5 o° 130 3 94.1
10. MONODISPERSED 7 o° 130 3 94.1
11. MONODISPERSED 10 o° 130 3 93.0
12. MONODISPERSED 15 o° 130 3 91.9
13. MONODISPERSED 20 o° 130 3 91.9
14. MONODISPERSED 25 o° 130 3 90.9
15. MONODISPERSED 3 90° 70 3 89.3
16. MONODISPERSED 5 90° 70 3 89.3
17. MONODISPERSED 7 90° 70 3 88.3
18. MONODISPERSED 10 90° 70 3 872
19. MONODISPERSED 15 90° 70 3 79.9
20. MONODISPERSED 20 80° 70 3 759
21. MONODISPERSED 25 90° 70 3 71.3
22. MONODISPERSED 3 9a° 130 3 85.4
23. MONODISPERSED 5 90° 130 3 85.3
24. MONODISPERSED 7 90° 130 3 84.7
25. MONODISPERSED 10 90° 130 3 84.8
26. MONODISPERSED 15 90° 130 3 812
27. MONODISPERSED 20 90° 130 3 76.1
28. MONODISPERSED 25 90° 130 3 702

Table 4. Cumulative Sampling Efficiency Results Generated by

IITRI Model
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- 90° inlet probe orientation and 130 1l/min
flow rate

- 90° inlet probe orientation and 70 1/min flow
rate

- 0° inlet probe orientation and 130 1l/min flow
rate

4.3 RESULTS FROM UNIVERSITY OF DUISBURG MODEL

4.3.1 Background

As mentioned earlier, the Fissan and Schwientek model
simulates only one inlet probe orientation (0°) and does not
account for a 45° bend or inclined section of the sampling train.
Furthermore, it does not predict cumulative sampling efficiency
resulting from a log-normal particle distribution. GMA, as part
of its effort to develop a computer program for the German model,
extended the model's capability to include a 45° bend, an
inclined region of the train, and log-normal distribution.

This section of the report is to focus primarily on the
cumulative sampling efficiencies generated by the model.
Therefore, the results generated bX the model and presented in
this section will not include a 45" bend, inclined region, or
log-normal distribution. However, Section 6 will include a
comparison of the model results to the experimental data gathered
by Texas A&M. The comparison will include the model results for
the 45° bend, inclined section, and log-normal distribution. THe
complete set of numerical calculations prcduced by the GMA
computer program is provided at Appendix u.

4.3.2 Results of Monodispersed Simulation Cases

The cumulative sampling efficiency results presented in
Table 5 and Figure 6 for a monodispersed aerosol distribution
indicate the following:

® As the particle size increases the sampling efficiency
decreases.
® As the flow rate increases from 70 1/min to 130 1l/min,

the sampling efficiency decreases.

. The larger the particle size, the greater the decrease
in cumulative sampling efficiency.

Cumulative sampling efficiency resluts generated by the GMA

computer program for a polydispersed aerosol distribution has
been presented in Figure 7 for illustrative purposes only.
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TYPE OF PARTICLE INLET PROBE FLOW RATE  WIND SPEED  CUMULATIVE
SIZE(L) (min} (muaec) SAMPLING
EFFICIENCY*
(%2 mass)
1. MONODISPERSED 3 o° 70 3 98.4
2. MONODISPERSED 5 o° 70 3 95.7
3. MONODISPERSED 7 o® 70 3 91.7
4. MONODISPERSED 10 o° 70 3 83.3
5. MONODISPERSED 15 0° 70 3 648
6. MONODISPERSED 20 o° 70 3 438
7. MONODISPERSED 28 o° 70 3 256
8. MONODISPERSED 3 o° 130 3 95.9
9. MONODISPERSED 5 o° 130 3 9.1
10. MONODISPERSED 7 o° 130 3 798
11. MONODISPERSED 10 o° 130 3 63.0
12. MONODISPERSED 15 o° 130 3 348
13. MONODISPERSED 20 o° 130 3 142
14. MONODISPERSED 25 o® 130 3 39
15. POLYDISPERSED MMAD=5( 0 =1.5) o 70 3 94.1
16. POLYDISPERSED MMAD=15 ( 0 =1.5) o° 70 3 59.9
17. POLYDISPERSED MMAD=5 ( 0 =1.5) o° 130 3 86.0
18.. POLYDISPERSED MMAD=15 (J =1.5) o° 130 3 35.8

* Cumulative Efficiency Resuits refiect modifications made to the model by General Management

Associates to allow caiculations for 45° elbow and inclined section of the sampling train.

Table 5. Cumulative Sampling Efficiency Results Generated by
University of Duisburg Model
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4.4 RESULTS FROM BATTELLE MODEL

For background purposes, the Battelle model does not
account for an inlet probe orientation. However, the model does
account for the three straight sections of the train and the 90°
bend and 45° bend. Therefore, the model calculates cumulative
sampling efficiencies for 18 simulation cases which are
summarized in Table 6 and graphically presented in Figures 8 and
9. The complete set of numerical calculations produced by the
Battelle model are provided at Appendix E.

4.4.1 Results of Monodispersed Simulation Cases

The cumulative sampling efficiency results for a
monodispersed aerosol distribution indicate the following:

. As the particle size increases, the sampling efficiency
decreases.
° An increase in the flow rate results in a decrease in

the sampling efficiency. However, the differences are
small (less than 2 percent).

. The larger the particle size, the greater the decrease
in sampling efficiency.

. Particle depositional losses in the elbows are
generally larger than those in the other components of
the sampling train.

4.4.2 Results of Polydispersed Simulation Cases

The cumulative sampling efficiency results for a
polydispersed aerosol distribution indicate the following:

° As the MMAD particle size increases, the sampling
efficiency decreases.

) As the flow rate increases, the sampling efficiency
decreases. However, the decrease is not considered
significant for the range of particles evaluated.

° Particle depositional losses in the elbows are
generally larger than those in the other compartments
of the sampling train.

° The 5um MMAD polydispersed particle distribution
produces smaller sampling efficiencies than does the
Sum monodispersed particle distribution. However, the
differences in efficiency (typically less than one
percent) are considered insignificant.
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TYPE OF PARTICLE INLET PROBE FLOW RATE  WINDSPEED  CUMULATIVE
SIZEL L) (U/min) (m/sec) SAMPLING
EFFICIENCY*
(% mass)
1. MONODISPERSED 3 N/A 7C 3 99.0
2. MONODISPERSED 5 N/A 70 3 97.8
3. MONODISPERSED 7 N/A 70 3 96.0
4. MONODISPERSED 10 N/A 70 3 92.4
5. MONODISPERSED 15 N/A 70 3 83.9
6. MONODISPERSED 20 N/A 70 3 734
7. MONODISPERSED 25 N/A 70 3 60.7
8. MONODISPERSED 3 N/A 130 3 98.8
8. MONODISPERSED s N/A 130 3 28.0
10. MONODISPERSED 7 N/A 130 3 96.7
11. MONODISPERSED 10 N/A 130 3 93.9
12. MONODISPERSED 15 N/A 130 3 83.7
13. MONODISPERSED 20 N/A 130 3 n7
14. MONODISPERSED 25 N/A 130 3 60.2
15. POLYDISPERSED MMAD=5 ( 0 =1.5) N/A 70 3 971
16. POLYDISPERSED MMAD=15 (0 =1.5) N/A 70 3 79.8
17. POLYDISPERSED MMAD=5 ( 0 =1.5) N/A 130 3 974
18.. POLYDISPERSED MMAD=15 ( 0 =1.5) N/A 130 3 80.7

* Efficlency from different probe orientations is not considered in the Battelle modet.

Table 6. Cumulative Sampling Efficiency Results Generated by

Battelle Model
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° The 15um MMAD polydispersed particle distribution
produces smaller sampling efficiencies than does the
15um monodispersed particle distribution. These
differences (3 to 4 percent) are larger than those seen
with the 5Sum particle size comparisons.

4.5 COMPARISON OF NUMERICAL CALCULATIONS

In order to perform a comparison of the numerical
results among the four models, it is necessary to establish a
common basis upon which the results can be compared. The four
models individually do not provide numerical calculations for the
six sections of the sampling train. Therefore, the common basis
for comparison will be the numerical results for specific regions
of the sampling train characterized/simulated by each model.

4.5.1 Numerical Model Calculations for Inlet Region of
Aerosol Sampling Train

4.5.1.1 Monodispersed Particle Distribution - Inlet Region

Table 7 presents the three model's numerical results
for the inlet region of the sampling train. Figures 10 and 11
provide a graphical presentatior of the numerical results. It is
important to note that only the Texas A&M model and the IITRI
model consider air stream orientations other than parallel to the
inlet. The University of Duisburg model only considers a 0°
inlet orientation.

The inlet sampling efficiency results for a
monodispersed particle distribution indicate the following:

° Both the Texas A&M and IITRI models predict a decrease
in the efficiency as the inlet probe orientation
increases from 0° to 90°.

. All three models predict a decrease in the inlet
efficiency as the flow rate increases.

° The Texas A&M model predicts a decrease in the inlet
efficiency as the particle size increases for all four
combinations of inlet orientation and flow rate. The
IITRI and German models, on the other hand, predict an
increase in the efficiency as the particle size
increases for the cases of 0° inlet orientation and 70
l/min flow rate. However, for the other combinations
of inlet orientation and flow rate, these two models
predict a decrease in the efficiency as the particle
size increases.
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PARTICLE INLET PROBE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR INLET REGION
SIZE( & ) ORIENTATION ( Q' } ({/min}

IEXASA &M UIRI UNIVERSITY OF
DUISBURG
1. 3 o® 70 99.4 100.7 100.6
2 5 o® 70 98.9 100.7 101.8
3. 7 o° 70 98.4 100.7 1033
4 10 o° 70 97.7 100.7 106.2
5 i5 o° 70 96.4 108.4 1119
6. 20 o° 70 94.7 114.7 1174
7. 25 o° 70 924 1212 1222
8. 3 o° 130 99.3 94.1 99.6
9. s o° 130 98.3 94.1 98.9
10. 7 0° 130 87.1 94.1- 98.0
1. 10 o° 130 94.9 93.0 96.3
12 15 o° 130 %0.6 91.9 932
13, 20 o® 130 85.7 91.9 902
14, 25 o° 130 80.5 90.9 87.7
1s. 3 90° 70 962 89.3 N/A
16. 5 90° 70 90.5 89.3 N/A
17. 7 90° 70 832 88.3 N/A
18 10 20° 70 70.9 872 N/A
19. 15 90° 70 518 798 N/A
20, 20 %0° 70 386 75.9 N/A
21. 25 90° 70 26.1 7.3 N/A
22. 3 90° 130 97.2 85.4 N/A
23. 5 80° 130 92.9 853 N/A
24, 4 90° 130 872 84.7 N/A
2s. 10 90° 130 72 848 N/A
26, 18 90° 130 59.9 812 N/A
27. 20 90° 130 481 76.1 N/A
28. 25 90° 130 a3s 702 N/A

Table 7. Numerical Model Calculations (Monodispersed Particle Sizes)
for inlet Region of Aerosol Sampling Train
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4.5.1.2 Polydispersed Particle Distribution - Inlet Region

Table 8 presents two model's numerical efficiency
results for the inlet region of the sampling train. Figures 12
and 13 provide a graphical presentation of the numerical results.
It is important to note that only the Texas A&M model considers
air stream orientations other than parallel to the inlet. The
ITTRI model does not consider polydispersed particle
distribution. The University of Duisburg model as extended by
GMA considers polydispersed particle distrihutior but only for a
0° inlet orientation. The inlet sampling efficiency results for
polydispersed particle distribution indicate the following:

. For the Texas A&M model, as the particle MMAD
increases, the sampling efficiency decreases. The
University of Duisburg model, on the other hand,
predicts an increase or a decrease in the sampling
efficiency depending on the flow rate.

. Both models predict a decrease in the sampling
efficiency as the flow rate increases when the inlet
orientation is parallel to the air stream. The Texas
A&M results indicate an increase in the sampling
efficiency as the flow rate increases when the inlet
orientation is normal to the air stream.

4.5.2 Numerical Efficiency Calculations for Horizontal Region
of Aerosol Sampling Train

4.5.2.1 Monodispersed Particle Distribution - Horizontal Region

Table 9 presents the three model's numerical results
for the horizontal region of the sampling train. Figure 14
provides a graphical presentation of the numerical results. It
is important to note that for these calculations, the horizontal
region is not affected by the inlet's orientation to the air
stream. Therefore, only the flow rate and particle size have
been varied.

The horizontal region's sampiing efficiency results for
a monodispersed particle distribution indicate the following:

° All three models predict a decrease in the efficiency
as the particle size increases.

° Both the Texas A&M and the Battelle models predict an
increase in sampling efficiency as the flow rate
increases. 1In addition the Texas A&M results indicate
a decrease in the efficiency at the 20 and 25um
particle sizes as the flow rate increases. The German
results, on the other hand, indicate a decrease in the
efficiency as the flow rates increase.
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MASS MEDIUM INLET PROBE FLOW RATE SAMPLING EFFICIENCY (% masst FORINLET REGION
AERODYNAMIC  QRIENTATION ( Q) Wmin)
DIAMETER JEXAS A &M {IRL PATTELLE UNIVERSITY OF
(MMADY & ) DUISBURG
1. 5 o° 70 98.8 N/A N/A 102.3
2. 15 0° 70 95.6 N/A N/A 112.9
3. 5 o° 130 98.0 N/A N/A 98.8
a, 18 o° 130 89.1 N/A N/A 92.7
5. 5 90° 70 88.4 N/A N/A N/A
6. 15 90° 70 51.0 N/A N/A N/A
7. s 90° 130 912 N/A N/A N/A
8. 15 90° 130 58.4 N/A N/A N/A

Table 8. Model Efficiency Calculations (Polydispersed Particle Sizes)
for Inlet Region of Aerosol Sampling Train

53



FParcant Penatration

Figure 12, Inlet Penetration Efficiency
Polydispersed Results — O Iniet

130

120 -

100
90 + %

80 +

)

0
60 1~

50 F

2 6 10 14 18 22 26

Mass Median Aerodynamic Diameter (um)
O 70 L/min Texas A&M + 130 L/min Texas A&M 4 70 L/min Duisburg
& 130 L/min Duisburg

54




Parcent FPenetration

130

120

1o

100

50

80

70

60

50

40

30

20

Figure 13. Inlet Penetration Efficiency
Polydispersed Results — 90 Inlet

T

| | i L i 1 ! i 1 I 1

S

2 8 10 14 18 22

Mass Median Aerodynamic Diometer (um)
O 70 L/min Texas AkM + 130 L/min Texas A&M




PARTICLE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR HORIZONTAL REGION
SIZEL ALY {U/min)
IEXASA KM hecl] BATTELLE  UNIVERSITY OF
RUISBURG

1 3 70 99.7 N/A 99.6 100.0
2, 5 70 99.3 N/A 98.9 99.99
3. 7 70 98.6 N/A 97.9 99.98
4, 10 70 972 N/A 95.8 99.9
S. 15 70 93.8 N/A 80.7 99.8
6. 20 70 89.1 N/A 84.1 98.8
7. 25 70 832 N/A 76.3 97.2
8. 3 130 9.9 N/A 99.8 99.99
9. 5 130 99.8 N/A 99.4 99.96
10, 7 130 9.2 N/A 98.8 9.8
1. 10 130 98.3 N/A 97.7 99.4
12 15 130 95.6 N/A 94.9 7.1
13 20 130 88.0 N/A 91.1 91.0
14. 25 130 80.2 N/A 86.4 79.6

Table 9. Model Efficiency Calculations (Monodispersed Particle Sizes)
for Horizontal Region of Aerosol Sampling Train
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4.5.2.2 Polydispersed Particle Distribution - Horizontal Region

Table 10 presents the three model's numerical results
for the horizontal region of the sampling train. Figures 15 and
16 provide a graphical presentation of the numerical results. It
is important to note that only the Texas A&M model considers air
stream orientations other than parallel to the inlet. The German
model only considers a 0° inlet orientation. The Battelle model

does not consider inlet orientations.

The horizontal sampling efficiency results for a
polydispersed particle distribution indicate the following:

L All three models predict a decrease in the sampling
efficiency as the particle MMAD increases.

. The Texas A&M and Battelle models predict an increase
in the sampling efficiency as the flow rate increases
for a 0° inlet orientation. The German model predicts
a decrease in the sampling efficiency as the flow rate
increases. The Texas A&M model also predicts an
increase in the sampling efficiency as the flow rate
increases for a 90° inlet orientation.

° All three models predict a decrease in the sampling
efficiency as the flow rate increases.

4.5.3 Numerical Efficiency Calculations for 90° Elbow Region
of RAerosol Sampling Train

4.5.3.1 Monodispersed Particle Distribution ~ 90° Elbow Region

Table 11 presents the three model's numerical results
for the 90° elbow region of the sampling train. Figure 17
provides a graphical presentation of the numerical results. It
is important to note that for these calculations the 90° elbow
region is not affected by the inlet's orientation to the air
stream.

The 90° elbow region's sampling efficiency results
indicate the following:

. All three models predict a decrease in the efficiency
as the particle size increases.

. All three models predict a decrease in the efficiency
as the flow rate increases.

° The Battelle model predicts the highest efficiencies.
The Texas A&M model and the University of Duisburg
model predict identical but lower efficiencies.
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MASS MEDIUM INLET PROBE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR HORIZONTAL SECTION
AERODYNAMIC ~QRIENTATION (@)  (Vmim

DIAMETER IEXASA LM BATTELLE UNIVERSITY OF
(MMADI &) DUISBURG
1. 5 o° 70 99.0 98.5 99.96
2. 15 0° 70 91.8 88.0 98.7
3. [ o° 130 99.4 99.2 99.8
3. 15 o° 130 92.6 932 91.9
5. 5 90° 70 99.1 98.5 N/A
6. 15 90° 70 93.9 88.0 N/A
7. s 90° 130 99.5 89.2 N/A
8. 15 90° 130 94.4 93.2 N/A

Table 10. Model Efficiency Calculations (Polydispersed Particle Sizes)
for Horizontal Region of Aerosol Sampling Train
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PARTICLE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR 90° ELBOW REGION
SIZE( £) {/min)
IEXASA & M BATIELLE UNIVERSITY OF
DUISBURG
1 3 70 99.0 99.8 99.0
2. 5 70 97.3 99.8 97.3
3. 7 70 94.9 99.7 94.9
a. 10 70 899 99.6 89.9
5. 15 70 78.9 99.4 78.9
6. 20 70 65.7 98.8 65.7
7. 25 70 51.9 97.5 51.9
8. 3 130 8.2 99.4 98.2
9 5 130 95.9 99.3 95.1
10. 7 130 90.8 99.1 90.7
1. 10 130 82.1 985 82.1
12. 15 130 64.4 94.2 64.4 -
13. 20 130 45.8 89.1 45.8
14, 25 130 296 84.1 296

Table 11. Numerical Model Calculations (Monodispersed Particle Sizes)
tor 90° Elbow Region of Aerosol Sampling Train
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4.5.3.2

Polydispersed Particle Distribution - 90° Elbow Region

Table 12 presents the three model's numerical results

for the 90° elbow region of the sampling train. Figures 18 and
19 provide a graphical presentation of the numerical results. It
is important to note that only the Texas A&M model considers air
stream orientations other than parallel to the inlet. The German
model only considers a 0° inlet orientation. The Battelle model
does not consider inlet orientation.

The 90° elbow sampling efficiency results for a

polydispersed particle distribution indicate the following:

4.5.4

4.5.4.1

All three models predict a decrease in the sampling
efficiency as the particle MMAD increases.

All three models predict a decrease in the sampling
efficiency as the flow rate increases.

The Texas A&M model predicts an increase in the
sampling efficiency as the inlet orientation increases
from 0° to 90°.

Numerical Efficiency Calculations for Vertical Region
of Aerosol Sampling Train

Monodispersed Particle Distribution - Vertical Region

Table 13 presents the three model's numerical results

for the vertical region of the sampling train. Figure 20
provides a graphical presentation of the numerical results. It
is important to note that for these calculations, the vertical
region is not affected by the inlet's orientation to the air

stream.

The vertical region's sampling efficiency results

indicate the following:

4.5.4.2

The Texas A&M model and the German model predict a
decrease in the efficiency as the particle size
increases. The Battelle model predicts no change in
the efficiency as the particle size increases.

The Texas A&M model and the German model predict a
decrease in the efficiency as the flow rate increases.
The Battelle model predicts no change in the efficiency
as the particle size increases.

Polydispersed Particle Distribution - Vertical Region

Table 14 presents the three model's numerical results

for the vertical region of the sampling train. Figures 21 and 22
provide a graphical presentation of the numerical results. It
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MASS MEDIUM INLET PROBE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR 90° ELBOW SECTION
AERODYNAMIC ~ORIENTATION(Q')  (Umim

DIAMETER - IEXASA&M BATIELLE UNIVERSITY OF
(MMAD)( ££ ) RUISBURG
1. 5 o° 70 96.5 99.7 96.4
2. 15 0° 70 76.5 98.9 74.7
3. 5 o° 130 93.8 99.2 935
4. 15 o° 130 63.8 93.5 60.5
5. 5 90° 70 96.7 99.7 N/A
6. 15 90° 70 81.1 98.9 N/A
7. 5 90° 130 94.0 99.2 N/A
8. 15 90° 130 68.2 935 N/A

Table 12. hiodel Efficiency Calculations (Polydispersed Particle Sizes)
for 90° Elbow Region of Aerosol Sampling Train
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PARTICLE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR VERTICAL REGION
SIZRLAD {/min) IEXASA &M BATTELLE UNIVERSITY OF
RUISBURG

1 3 70 100.0 100.0 100.0

2. 5 70 99.99 100.0 99.99

3. 7 70 99.98 100.0 99.98

4. 10 70 99.9 100.0 99.9

5. 15 70 99.6 100.0 99.6

6. 20 70 98.8 100.0 98.8

7. 25 70 96.9 100.0 97.2

8. 3 130 $9.99 100.0 99.99

9. s 130 99.96 100.0 99.96

10, 7 130 99.9 100.0 99.9

11. 10 130 99.4 100.0 99.4

12, 15 130 96.8 100.0 97.1

13, 20 130 84.4 100.0 91.0

14. 25 130 73.7 100.0 79.6

Table 13. Numerical Model Calculations (Monodispersed Particle Sizes)
for Vertical Region of Aerosol Sampling Train
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MASS MEDIUM INLET PROBE FLOW RATE  SAMPLING EFFICIENCY (% mass) FOR VERTICAL SECTION
AERODYNAMIC  QRIENTATION(O ) {/mind

DIAMETER IEXASA &M BATIELLE UNIVERSITY OF
IMMADI( & ) RUISBURG
1. 5 o® 70 99.98 100.0 99.96
2. 15 o° 70 99.3 100.0 38.7
3. 5 o° 130 99.9 100.0 99.8
4. 15 o® 130 95.7 100.0 91.9
5. 5 90° 70 99.98 100.0 N/A
6. 15 90° 70 99.6 100.0 N/A
7. 5 909 130 99.9 100.0 N/A
8. 15 90° 130 96.7 100.0 N/A

Table 14. Model Efficiency Calculations (Polydispersed Particle Sizes)
for Vertical Region of Aerosol Sampling Train
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is important to note that only the Texas A&M model considers
inlet orientations other than parallel to the air stream. The
German model only considers a 0° inlet orientation. The Battelle
model doces not consider inlet orientation.

The vertical region sampling efficiency results for a
polydispersed particle distribution indicate the following:

° The Texas A&M and German models predict a decrease in
the sampling efficiency as the particle MMAD increases.
The Battelle model predicts no change in efficiency.

° The Texas A&M and German models predict a decrease in
the sampling efficiency as the flow rate increases.
The Battelle model predicts no change in efficiency.

. The Texas A&M model predicts an increase in the
sampling efficiency as the inlet orientation increases
from 0° to 90°.

4.5.5 Numerical Efficiency Calculations for 45° Elbow Region
of Aerosol Sampling Train

4.5.5.1 Monodispersed Particle Distribution - 45° Elbow Region

Table 15 presents the two model's numerical results for
the 45° elbow region of the sampling train. Figure 23 provides a
graphical presentation of the numerical results. It is
important to note that for these calculations, the 45° elbow
region is not affected by the inlet's orientation to the air
stream. The 45° elbow region's sampling efficiency results
indicate the following:

) Both models (Texas A&M and Battelle) predict a decrease
in the efficiency as the particle size increases. The
Texas A&M model predicts a greater decrease in
efficiency than does the Battelle model at the larger
particle sizes.

) Both models predict a decrease in the efficiency as the
flow rate increases. The Texas A&M model predicts a
greater decrease in efficiency than does the Battelle
model at the larger particle sizes.

4.5.5.2 Polydispersed Particle Distribution - 45° Elbow Region
Table 16 presents the three model's numerical results

for the 45° elbow region of the sampling train. Figures 24 and
25 provide a graphical presentation of the numerical results. It
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PARTICLE FLOW RATE SAMPLING EFFICIENCY (% mass) FOR 45° ELBOW REGION
SREC M) (/min}
IEXAS A &M BATTELLE

1. 3 70 99.5 99.9
2. 5 70 98.7 99.9
3 7 70 97.4 99.9
4 10 70 94.8 29.8
5. 15 70 88.8 99.7
6. 20 70 81.0 99.4
7. 25 70 12,0 98.8
8. 3 130 99.1 99.7
9. 5 130 97.5 99.7
10. 7 130 95.3 29.6
", 10 130 90.6 99.2
12, 15 130 80.2 97.1
13. 20 130 67.7 94.4
14, 25 130 54.4 91.7

Table 15. Numerical Model Calculations (Monodispersed Particle Sizes)
for 45° Elbow Region of Aerosol Sampling Train
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MASS MEDIUM INLET PROBE FLOW RATE  SAMPLING EFFICIENCY (% mass) FOR 45° ELBOW SECTION
AERODYNAMIC ORIENTATION (O ) {/min)
DIAMETER IEXASALM BATTIELLE UNIVERSITY OF
(MMADIC & ) DUISBURG
1. 5 o° 70 98.3 99.9 96.4
2 15 o° 70 83.9 99.5 74.7
3 5 o° 130 96.9 99.6 91.5
4. 15 o° 130 83.6 96.8 60.5
5, 5 90° 70 98.4 99.9 N/A
6. 15 90° 70 90.9 99.5 N/A
7. 5 90° 130 97.0 99.6 N/A
8. 15 90° 130 85.2 96.8 N/A

Table 16. Model Efficiency Calculations (Polydispersed Particle Sizes)
for 45° Elbow Region of Aerosol Sampling Train
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is important to note that only the Texas A&M model considers air

stream orientations other than parallel to the inlet. The German
model only considers a 0° inlet orientation. The Battelle model

does not consider inlet orientation.

The 45° elbow sampling efficiency results for a
polydispersed particle distribution indicate the following:

. All three models predict a decrease in the sampling
efficiency as the particle MMAD increases.

) All three models predict a decrease in the sampling
efficiency as the flow rate increases.

. The Texas A&M model predicts an increase in the
sampling efficiency as the inlet orientation increases

from 0° to 90°.

4.5.6 Numerical Efficiency Calculations for Inclined Region
of Aerosol Sampling Train

4.5.6.1 Monodispersed Particle Distribution - Inclined Region

Table 17 presents the three model's numerical results
for the inclined region of the sampling train. Figure 26
provides a graphical presentation of the numerical results. It
is important to note that for these calculations, the vertical
region is not affected by the inlet's orientation to the air
stream.

The inclined region's sampling efficiency results
indicate the following:

. All three models predict a decrease in the efficiency
as the particle size increases.

() The Battelle and German models predict an increase in
the efficiency as the flow rate increases. In addition
the Germai: model predicts a decrease in the sampling
efficiency at the largest particle size (25um). The
Texas A&M model also predicts an increase in the
efficiency as the flow rate increases except at the two
largest particle sizes (20 and 25um).

4.5.6.2 Polydispersed Particle Distribution -~ Inclined Region
Table 18 presents the three model's numerical results

for the inclined region of the sampling train. Figures 27 and 28
provide a graphical presentation of the numerical results. It is
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PARTICLE FLOW RATE SAMPLING EFFICIENCY (% mass) EQR INCLINED BEGION
SIZE( &) {/min)
IEXASA LM BATTELLE UNIVERSITY OF
DUISBURG®
1 3 70 99.7 99.7 99.7
2. 5 70 99.3 99.2 99.2
3. 7 70 8.5 98.5 98.5
4. 10 70 97.1 9¢.99 97.0
5. 15 70 93.4 93.3 934
6. 20 70 88.4 885 88.5
7. 25 70 82.0 82.6 82.2
8. 3 130 99.9 99.8 99.9
9. 5 130 99.6 99.6 99.6
10. 7 130 99.1 99.2 99.1
11. 10 130 98.1 98.4 98.1
12, 15 130 94.8 96.4 95.0
13 20 130 84.1 93.6 20.7
14, 25 130 73.7 90.2 79.6

* Efficiency caicuiations based on model modifications provided by Generai Management Associates

Table 17. Numerical Model Calculations (Monodispersed Particle Sizes)
for Inclined Region of Aerosol Sampling Train
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MASS MEDIUM INLET PROBE FLOW RATE  SAMPLING EFFICIENCY (% mass) FORINCLINED SECTION
AERODYNAMIC  ORIENTATION (&) ('min)
DIAMETER IEXAS A &M BATTELLE UNIVERSITY OF

{MMAD)( & ) RUISBURG

1. 5 0° 70 99.0 98.96 98.9

2 15 0° 70 93.7 922 91.0

3. 5 0° 130 99.4 99.4 99.4

4 15 o° 130 95.4 95.6 90.8

5. 5 90° 70 99.1 98.96 N/A

6. 18 90° 70 94.9 92.2 N/A

7. 5 90° 130 99.5 99.4 N/A

8. 15 90° 130 96.1 95.6 N/A

Table 18. Model Efficiency Calculations (Polydispersed Particle Sizes)
for Inclined Region of Aerosol Sampling Train
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important to note that only the Texas A&M model considers inlet
orientations other than parallel to the air stream. The German
model only considers a 0° inlet orientation. The Battelle model
does not consider inlet orientation.

The inclined sampling efficiency results for a
polydispersed particle distribution indicate the following:

° All three models predict a decrease in the sampling
efficiency as the particle MMAD increases.

° All three models predict an increase in the sampling
efficiency as the flow rate increases. However, the
German model predicts a decrease in the efficiency as
the flow rate increases for the 15um MMAD.

® The Texas A&M model predicts an increase in the
sampling efficiency as the inlet orientation increases
from 0° to 90°.

4.5.7 Cumulative Efficiency Calculations for 9Overall Sampling
Train

4.5.7.1 Monodispersed Particle Distribution - Overall
Efficiencies

Table 19 presents the three model's numerical
efficiency results for the overall sampling train. Figure 29
provides a graphical presentation of the numerical results for
the monodispersed conditions. It is important to note that for
these calculations, the Battelle model does not consider inlet
orientation, the German model considers only a 0° inlet
orientation and the Texas A&M model considers variable inlet
orientations.

The cumulative efficiency results for monodispersed
aerosol particles penetrating through the overall sampling train
indicate the following:

) All three models predict a decrease in the cumulative
efficiency as the particle size increases.

. Both the Texas A&M and University of Duisburg models
predict a decrease in the cumulative sampling
efficiency as the flow rate increases. The Battelle
model overall predicts a decrease in the cumulative
efficiency as the flow rate increases except at the 5
and 7um particle sizes where an increase occurs in the
efficiency.
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TYPE OF PARTICLE INLET PROBE FLOW RATE AR CUMULATIVE SAMPLING EFFICIENCY (% mass:
PARTICLE SIZE( M) OQRIENTATION (&} {I/min} VELOCITY
DISTRIBUTION (musec) IEXASA&M BATTELLE  UNIVERSITY OF
DUISBURG
1. MONODISPERSED 3 a° 70 3 97.4 99.0 98.4
2. MONODISPERSED 5 o® 70 3 93.6 97.8 95.7
3. MONODISPERSED 7 o° 70 3 88.4 96.0 91.7
4. MONODISPERSED 10 0° 70 3 78.6 92.4 83.3
5. MONODISPERSED 15 o° 70 3 59.0 839 64.6
6. MONODISPERSED 20 o° 70 3 392 734 438
7. MONODISPERSED 25 o° 70 3 228 60.7 25.6
8. MONODISPERSED 3 o° 130 3 96.3 98.8 95.9
9. MONODISPERSED 5 o° 130 3 90.4 98.0 89.1
10. MONODISPERSED 7 o° 130 3 825 96.7 79.8
11. MONODISPERSED 10 o® 130 3 67.8 93.9 63.0
12. MONODISPERSED 15 o° 130 3 41.0 83.7 34.8
13. MONODISPERSED 20 o° 130 3 16.6 717 14.2
14. MONODISPERSED 25 o° 130 3 5.6 60.2 3.9
15. POLYDISPERSED MMAD=5 o° 70 3 91.9 97.1 94.1
(O =15)
16. POLYDISPERSED MMAD=15 o° 70 3 85.5 79.8 59.9
{ o =1.5)
17. POLYDISPERSED MMAD=5 o° 130 3 87.8 97.4 86.0
{ 0 =15
18. POLYDISPERSED MMAD=15 o® 130 3 40.1 80.7 358
( O =1.5)

Table 19. Cumulative Sampling Efficiency Results Generated by the
Three Aerosol Models
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. Both the Texas A&M and German models produce very
comparable predicted results across all seven particle
sizes and for the two flow rates. The Battelle model
as compared to the other two models produces very
comparable predicted results at the 3 and 5Sum particle
sizes but produces significantly higher predicted
efficiencies at the other five particle sizes.

4.5.7.2 Polydispersed Particle Distribution - Overall
Efficiencies

Table 19 cited earlier also presents the three model's
numerical efficiency results for the overall sampling train based
on a polydispersed particle distribution. Figure 30 provides a
graphical presentation of the numerical results for the
polydispersed condition. It is important to note that for these
calculations, the Battelle model does not consider inlet
orientation, the University of Duisburg model considers only a 0°
inlet orientation, and the Texas A&M model considers variable
inlet orientations.

The cumulative efficiency results for polydispersed
aerosol particles penetrating through the overall sampling train
indicate the following:

® All three models predict a decrease in the cumulative
efficiency as the particle MMAD increases.

° Both the Texas A&M and German models predict a decrease
in the cumulative efficiency as the flow rate
increases. The Battelle model predicts an increase in
the cumulative efficiency as the flow rate increases.

° Both the Texas A&M and German models produce very
comparable prredicted results across the two particle
MMADs and two flow rates. The Battelle model as
compared to the other two models produces fairly
comparable predicted results at the 5um MMAD and 70
1/min flow rate. However, the model produces higher
predicted efficiencies at tne other three combinations
of flow rates and particle MMAD.
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SECTION 5. RESULTS OF EXPERIMENTAL VERIFICATION

5.1 EXPERIMENTAL APPARATUS AND METHODOLOGY FOR AEROSOL
PENETRATION MEASUREMENTS

The aerosol sampling setup as presented earlier in
Figure 1 was the experimental configureation used to measure the
penetration (losses) of monodispersed aerosol particles through
the sampling train. Seven monodispersed particle sizes were
generated in the experiment. They were 3, 5, 7, 10, 15, 20 and
25um aerodynamic equivalent diameter (AED). Two inlet configura-
tions were considered. They were 0° and 90° whereby the inlet of
the transport system is parallel to the wind tunnel air stream
and perpendicular to the air stream, respectively.

The aerosol transport system was constructed from a
single piece of 1-inch Schedule 40 PVC pipe. The inlet was
chamfered at 30° relative to the tube axis and was machined to a
sharp edge. Elbows were formed by electrically heating the
appropriate region cf the tube, carefully bending it, and
clamping the tube into a mold as it cooled. The mold prevented
flattening of the tube at the elbow. The elbow curvature of the
mold was patterned from electrical conduit bends.

An aerosol wind tunnel with a basic 600 mm x 600 mm
cross section was used for the testing. Monodisperse aerosol
droplets were created with a vibrating jet atomizer (Ref. 16) at
the tunnel entrance. A Stairmand disc is used to create large
scale mixing at the tunnel entrance and to help uniformize the
aerosol concentration profiles across the center 2/3 of the wind
tunnel. Downstream from the Stairmand disc is a fan which
further stirs the aercsol to help obtain uniform concentration
profiles. A perforated plate is placed downstream from the fan
to reduce the scale of turbulence and to uniformize the velocity
profile. At the test section, the wind tunnel body is expanded
to a cross section of 1.2 m x 1.2 m and the air stream is reduced
in cross section to 360 mm x 360 mm. This arrangement reduces
blockage effects that could arise from the presence of artifacts
in the test section.

Rerosol was generated from a mixture of oleic acid and
an analytical tracer (sodium fluorescein) dissolved in alcohol.
Immediately after generation, the alcohol evaporates, leaving a
residual droplet that consists of 12.4% (m/m) analytical tracer
and oleic acid. Particle size of the aerosol was determined
microscopically with the droplets collected on glass slides which
had been treated with an oil phobic agent. Size observed under
the microscope was converted to an equivalent sperical diameter
through use of the flattening factor of Olan-Figuroa et al. (Ref.
17). This factor takes into account the phenomenon that gravity
flattens droplets on the slide and causes them to appear larger
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than they were in the aerosol state. The equivalent spherical
diameter was converted to aerodynamic equivalent diameter (AED)
through use of the expression:

2 - 2
c, b, P, = C, P, D, (41)

Where: C_. = Cunningham's slip correction for the aerodynamic
equiyalent diameter size, D, = AED, P, = density of water (1000
kg/m’), C_ = Cunningham's slip correction for the equivalent
spherical diameter, D, = equivalent spherical diameter, and P, =
particle density. Cunningham's correction C, for the two sizes
was calculated from:

2.52 L
¢y =1+ —====-- (42)
D;
Where: L = mean free path of the air molecules (taken as 0.068
um). The aerosol density is kg/m’ as calculated from the mass

fractions of oleic acid and sodium fluorescein.

In conducting a test, the aerosol would be sampled in
the wind tunnel with an isokinetic probe which consists of a
sharp edged inlet, a conical diffuser and a filter collector.
Either in parallel with operation of the isokinetic probe or
subsequent to use of the isckinetic probe, we would draw an
aerosol sample through the model transport system. Aerosol which
was transmitted through the system was collected with a filter.

In an analysis laboratory, sodium fluorescein was
extracted from the filter of the isokinetic probe, from the
internal walls of the isokinetic probe, and from the filter of
the aerosol transport system. The concentration of fluorescein
in the extracts was determined with a Sequoia-Turner Model 450
Fluorometer (Sequoia-Turner Corp., Mountain View, CA).

Penetration of aerosol through the transport system was
calculated from:

C
t
P = --—s-—— (43)
Ciso
Where: C.._ = concentration of aerosol in the wind tunnel based

on the fluorescein collected by the isckinetic filter and the
fluorescein deposited on the internal walls of the isokinetic
probe, Ce = concentration of aerosol calculated from the
fluorescein collected by the filter at the downstream end of the

transport system.
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5.2 EXPERIMENTAL RESULTS

Tests were conducted with a range of monodispersed
aerosol particle sizes of approximately 3-25um AED, with the
inlet of the transport system parallel to the wind tunnel air
stream (0°) and with the inlet perpendicular to the air stream
(90°). Tests were conducted with two flow rates through the
system (70 and 130 1/min). The cumulative sampling efficiency
results from these tests are presented in Table 20 and Figures 31
and 32. The complete set of experimental data are provided at
Appendix F. The cumulative sampling efficiency results for a
monodispersed particle distribution indicate the following:

) As the particle size increases, the sampling
efficiency decreases.

. As the flow rate (70 1l/min to 130 1/min)
increases, the sampling efficiency decreases.

® The larger the particle size, the greater the
decrease in sampling efficiency.

® As the inlet orientation increases, the sampling
efficiency appears to decrease based on a
comparison of similar sized particles across the
two inlet orientaticns.

. Increase in the inlet orientation appears to
produce a more dramatic decrease in the sampling
efficiency than does an increase in the flow rate
based on a comparison of similiar sized particles
across the two inlet orientations.

At the completion of the regular test program, the
sampling train was to be segmentized in straight sections,
elbows, and the inlet. The system was then to be reassembled
using couplings in order to vrun two tests, one at a flow rate of
130 1/min and one at a flow rate of 70 l/min, in which the wall
deposits would be extracted for the individual components and
determine the regional losses. The particle size to be chosen
for these tests were those which give penetration values on the
order of 50% for the overall system. This phase of testing was
never performed due to time and money constraints. Therefore, no
experimental data was gathered to determine the penetration of
aerosols through each of the tubing sections of the sampling
train. 1In addition, no experiments were conducted which utilized
polydispersed particle distributions.
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SIZE OF INLET FLOW RATE CUMULATIVE SAMPLING PENETRATION
MONODISPERSED ORIENTATION # Wmin EFFICIENCY (% mass)
PARTICLE (1) (o)
3.0 o® 70 105.3
5.1 0° 70 96.3
7.0 o° 70 89.9
9.8 o° 70 83.0
12,0 o° 70 73.7
15.2 o° 70 55.8
19.4 o° 70 32.8
26.7 o° 70 6.5
3.0 o° 130 93.1
5.1 0° 130 90.4
7.0 0o° 130 86.4
9.8 0° 130 69.6
120 o° 130 57.6
15.2 o° 130 31.5
19.4 o° 130 1.1
267 o° 130 11
as 90° 70 93.1
49 90° 70 825
7.2 90° 70 76.
7.4 90° 70 75.4
10.1 90° 70 61.9
11.5 90° 70 437
14.9 90° 70 20.4
19.8 90° 70 43
254 90° 70 1.9
35 90° 130 92.4
4.9 80° 130 87.6
72 90° 130 82.9
74 90° 130 81.8
101 90° 130 62.5
13 90° 130 56.0
14.9 90° 130 271
19.6 90° 130 4.0
25.4 90° 130 0.5

A

Relative to the Wind Tunnel Air Flow Direction

Table 20. Cumulative Penetration Efficiency Results Derived
Experimentally by Texas A & M
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Figure 32. Experimental Results
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SECTION 6. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

6.1 LIMITATIONS IN COMPARISON OF EXPERIMENTAL AND NUMERICAL
RESULTS

As discussed earlier in Section 5.2, only the
cumulative penetration efficiency of monodispersed aerosol
particles through the sampling train was measured in the
experiments. Therefore, no comparison could be made to determine
how realistic the model's predicted penetration efficiency
through each section of the sampling train was to experimental
data. Furthermore, only the Texas A&M and German models
predicted cumulative penetration efficiencies through all six
regions of the sampling train. The Battelle model predicted
cumulative penetration efficiencies through five sections (inlet
region was n~t included) of the sampling train and the IITRI
model predicted cumulative penetration efficiencies through one
region (inlet only) of the sampling train. Consequently,
comparison of the experimental results will be made to only
numerical results for the Texas A&M, Battelle, and German models.
It is important to note that the experimental apparatus was not
able to achieve, for each experimental run, the specified
particle size to be disseminated at the inlet section of the
train. However, the model results are based on a specified
particle size being disseminated at the inlet section.
Therefore, the model predictions are compared to experimental
data which may be for similar and not necessarily identical
particle size. disseminated in the wind tunnel. Comparison of
the model results to the experimental measurements are presented
in Table 21 and Figures 33 and 34.

6.2 DISCUSSION OF EXPERIMENTAL VS NUMERICAL RESULTS

6.2.1 Comparison of Results for 0° Inlet Orientation and 70
1/min Flow Rate Conditions

The Texas A&M model and the University of Duisburg
model simulate a 0° inlet orientation and 70 1/min flow rate.
However, the Battelle model docs not consider different inlet
orientations but instead assumes 100% inlet efficiency. The
Battelle mocdel does consider different flow rates.

Both the Texas A&M and German models provide
predictions of cumulative penetration efficiencies for the seven
monodispersed particle distributions which are reasonably close
to those measured in the wind tunnel. The Battelle model
predicts cumulative efficiency values which are in close
agreement with the measured values at the 3.0 and 5.0 um particle
sizes. However, at the 15, 20 and 25 um particle sizes, the
Battelle model predictions differ significantly from the measured
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SIZE OF INLET FLOW RATE CUMULATIVE SAMPLING PENEYRATION EFFICIENCY (% mass)
MONODISPERSED  ORIENTATION Wmin)
PARTICLE( X&) L) EXPERIMENTALLY MODEL PRERICTIONS
IEXASA &M GERMAN®  BATJELLE °
3.0 0° 70 105.3 97.4 98.4 99.0
5.1 o° 70 96.3 93.6 95.7 97.8
7.0 o° 70 89.9 884 91.7 96.6
9.8 o° 70 83.0 78.6 83.3 92.4
12,0 0° 70 737 — —_ —
15.2 o° 70 55.8 59.0 64.6 83.9
19.4 o° 70 328 392 43.8 73.1
26.7 o° 70 6.5 228 25.6 60.7
3.0 o° 130 93.1 96.3 95.9 98.8
5.1 o° 130 90.4 90.4 89.1 98.0
7.0 o° 130 884 82.5 79.8 96.7
98 o° 130 69.6 67.8 83.0 93.9
120 o° 130 57.6 - —_ —_
15.2 o° 130 318 41.0 346 83.7
19.4 o° 130 111 16.6 142 77
26.7 o° 130 1.1 56 39 602
as 90° 70 93.1 94.3 — —
4.9 90° 70 925 85.8 —— _
72 90° 70 76.9 74.7 — —
74 90° 70 754 — —_ —
10.1 90° 70 61.9 57.0 — —
1.5 90° 70 “wz — — —
149 90° 70 204 31.5 — —_
198 90° 70 43 152 - —
25.4 90° 70 1.9 64 — —
35 90° 130 924 94.3 — i
49 90° 130 87.8 855 — —
72 90° 130 829 740 —_ —
7.4 90° 130 81.8 — —_ —
10.1 90° 130 625 38.1 —_ —
1.5 90° 130 58.0 — —_— —
14.9 90° 130 271 271 —_ —_
19.8 90° 130 4.0 8.7 — -
254 90° 130 2.3 24 _ —

A The Battelie Model does not consider Inlet Orientation. Therafore, the

pradictions most closely cotrespond 1o a 0° Inlet Orlentation

Model Predictions vs. Experimental Data
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Thesa predictions reflect the extension mi by General
Management Associates 10 include & 45 bend and
Inciined section predictions

Table 21. Cumulative Penetration Efficiency Results:
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values, the model overpredicts, and as the particle size
increases the discrepancy (percentage difference) between the
predicted and measured values beconres larger.

6.2.2 Comparison of Results for 0° Inlet Orientation and 130
l/min Flow Rate Conditions

The Texas A&M model and the University of Duilsburg
model simulate a 0° inlet orientation and 130 1l/min flow rate.
The Eattelle model only simulates the 130 1l/min flow rate and
assumes 100% inlet efficiency.

The Texas A&M model provides predictions of cumulative
penetration efficiencies for the 3, 5, 7 and 10 um particle sizes
which are reasonably close to penetration efficiencies measured
in the wind tunnel. The model's cumulative efficiency
predictions for the 15, 20 and 25 um particle sizes differ
significantly from the measured values, are over predictions, and
as the particle size increases, the discrepancy (percent
difference) between the predicted and measured values becomes
larger.

The University of Duisburg model provides predictions
of cumulative penetration efficiencies for the 3, 5, 7, 10 and 15
pm particle sizes which are reasonably close to penetration
efficiencies measured in the wind tunnel. The model's cumulative
efficiency predictions for the 20 and 25 um particle sizes
differs significantly for the measured values, are over
predictions, and as the particle size increases, the discrepancy
(percent difference) between the predicted and measured values
become larger. However, it is interesting to note that for these
two particle sizes, the German model's predicted values are in
closer agreement to the measured values than are the Texas A&M
model's predictions.

The Battelle model's predictions for the cumulative
penetration efficiencies at the 3 and 5 um particle sizes are in
agreement to penetration efficiencies measured in the wind
tunnel. However, the model's cumulative efficiency predictions
for the 7, 10, 15, 20 and 25 um particle sizes which differ
significantly from the measured values are overpredictions and as
the particle size increases, the discrepancy (percent difference)
between the predicted and measured values becomes larger.

6.2.3 Comparison of Results for 90° Inlet Orientation and 70
1/min Flow Rate Conditions

The Texas A&M model is the only model of the three
which provides predictions of cumulative penetration efficiencies
based on a 20° inlet orientation and 70 1/min flow rate. These
predicted results are in close agreement to the efficiencies
measured in the wind tunnel at the 3, 5, 7 and 10 um particle
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sizes. The model predictions which differ significantly from the
measured values at the 15, 20 and 25 um particle sizes are over
predictions and as the particle size increases, the discrepancy
(percent difference) between the predicted and measured values
becomes larger.

6.2.4 Comparison of Results for 90° Inlet Orientation and 130
1/min Flow Rate Conditions

The Texas A&M model is the only model of the three
which provides predictions of cumulative penetration efficiencies
based on a 90° inlet orientation and 130 1/min flow rate. These
predicted results are in close agreement to the efficiencies
measured in the wind tunnel at the 3, 5, 7, 10 and 15 um particle
sizes. The model predictions which differ significantly from the
measured values at the 20 and 25 um particle sizes are over-
predictions and as the particle size increases, the discrepancy
(percent difference) between the predicted and measured values
becomes larger.

102




SECTION 7. CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

In general, aerosol sampling models are available which
can be used to design aeroscl sampling and transport systems.
Four candidate models/algorithms were reviewed which showed the
greatest potential for this application. They were the
following:

. Texas A&M model

° Battelle model

) IITRI model

. Equations compiled/developed by the University of
Duisburg

Each candidate model/algorithms was evaluated relative
to an aerosol sampling train configuration upon which the model
calculations would be generated and compared and the experimental
data would be compared. The sampling train consisted of six
regions. They were the following: (1) inlet, (2) horizontal
section, (3) vertical section, (4) inclined section, (5) 90°
elbow, and (6) 45° elbow.

7.1.1 Capabilities of Numerical Models/Algorithms

Of the four models evaluated, the Texas A&M model was
the only one which simulated the six regions of the sampling
train. The Battelle model simulated all regions of the sampling
train except for the inlet area. For this model, the inlet
efficiency was assumed to be 100% for all inlet orientations. The
University of Duisburg equations addressed four sections of the
sampling train. However, the 45° elbow and inclined sections
were incorporated in GMA's version of the University of Duisburg
computer program. The IITRI model only simulated the inlet
region. Each model predicts penetration efficiency through each
region simulated as well as cumulative penetration efficiency
through all regions simulated. Penetration efficiency
predictions for each of the models revealed self-consistency.

7.1.2 Numerical Calculations Generated by Four Models

The Texas A&M model, the Battelle model and the
University of Duisburg model generated penetration efficiencies
for both monodispersed and polydispersed (log-normal) particle
distributions. The IITRI model generated numerical calculations
for only monodispersed particles.
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The penetration efficiency calculations produced by
both the Texas A&M model and the University of Duisbuurg model
are very comparable across the monodispersed particle
distributions and the polydispersed distributions. The Battelle
model predicts penetration efficiency values comparable to those
generated by the Texas A&M and University of Duisburg models,
however, only at the smaller monodispersed particle size
distributions. For the larger particle sizes, the Battelle model
produces significantly higher penetration efficiency values than
those predicted by the Texas A&M and the University of Duisburg
models,

The IITRI model only predicts efficiency values at the
inlet regions of the sampling train. Results from the IITRI
model compared to the inlet efficiency results produced by the
Texas A&M model and the University of Duisburg model indicate
comparability with the University of Duisburg model results but
noncomparability with the Texas A&M model results.

7.1.3 Comparison of Experimental Measurements and Numerical
Calculations

Only the cumulative penetration efficiency of
monodispersed aerosol particles through the sampling train was
measured in the experiments. Consequently, nc¢ comparison could
be made to determine how realistic the model's predicted
penetration efficiency through each section of the sampling train
was to experimental data. Instead, only a comparison could be
made between predicted and measured cumulative penetration

efficiency.

Overall, the Texas A&M model and the University of
Duisburg model predictions produce the closest agreement to the
cumulative penetration efficiencies measured in the wind tunnel.
The Battelle model predictions con the other hand, produce the
greatest difference to the measured values. At the larger
particle sizes, the Battelle model significantly overpredicts the
penetration efficiency.

7.2 RECOMMENDATIONS

The primary focus of this study was not only to
compare numerical calculations among the four candidate models
but also to compare these model results to the experimental data.
Although both aspects were addressed, a comparison of model
calculations to experimental data on the penetration efficiency
for each individual section of the aerosol sampling train was
never gathered due to time and money constraints. Without this
experimental data, a determination of the model's realism in
predicting penetration efficiency for individual sections of the
sampling train could not be made. Therefore, it is recommended
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that the following be accomplished in order to identify a
comprehensive model that already exists and could be used to
design aerosol sampling and transport systems:

A, Texas A&M conduct wind tunnel experiments to
measure monodispersed particle penetration efficiencies through
individual components of the sampling train. Experimental
conditions identical to the ones used in this study should be
used as well as a limited set of additional conditions.

B. The Texas A&M model as the preferred model, should
be used to compare its predicted results to this new set of
experimental data.

c. Further investigation should be given to extending
the University of Duisburg equations to incorporate theoreti-
cally/empirically based equations which will predict penetration
efficiencies through a 45° elbow section and an inclined section.
Calculations of monodicpersed penetration efficiencies produced
by these "new" equations for single sections of a sampling train
should be compared to the new experimental data.

D. Inlet efficiency predictions for the IITRI model
should be compared against the new experimental data.

E. Further investigation should be made into
understanding why the Battelle model, when compared to
experimental data, significantly overpredicts penetration
efficiency for monodispersed particle sizes in the 10 to 25 um
region.
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APPENDIX A
LISTING OF COMPUTER PROGRAM DEVELOPED
BY GENERAL MANAGEMENT ASSOCIATES
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* *

10 REM **This program calculates the "vertice diameters” of a

20 REM **log-normal distribution of diameter sizes, using * &
30 REM **equal logarithmic intervals. This program reads in **
40 REM **the mass median diameter, standard deviation, number *¥
50 REM **of intervals, and the name of the output file. There**
60 REM **can be as many intervals as possible, but if this * %
70 REM **program is to be used in conjunction with the program**
80 REM **"ayerage.bas”, the number of intervals must be 20. *%
90 INPUT"Mass Median Diameter -->", MMD

100 INPUT"Standard Deviation ---->", SIGMA

110 INPUT"Number of Intervals --->", N

120 INPUT"Diameter Filename -~-~- >", LOGFILES

130 OPEN "a:"+LOGFILES FOR OUTPUT AS #1

140 PRINT#1,"MMD =";MMD;"fm";" Standard Deviation =";SIGMA;"fm";"
150 DMIN = MMD * (SIGMA -~ -3.62)

160 DMAX = MMD * (SIGMA ~ 3.62)

170 INTLIN = (DMAX - DMIN) / N

180 INTLOG = (LOG(DMAX) - LOG(DMIN)) / (N * LOG(10))

190 REM **DIAMETERS USING EQUAL LOGARITHMIC INTERVALS**

200 FOR J = Q TO N

210 LD

220 p1

= (LOG(DMIN) / LOG(10)) + (J * INTLOG)
= EXP(LD * LOG(1l0))

230 PRINT#1,D1
240 NEXT J

250 CLOSE#1
260 END

110
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REM **This program calculates the geometric average particle**
REM **djiameter between two adjacent vertice diameters. The **
REM **input to this program is the output from the program **
REM **"djameter.bas". This program prompts for the names of**
REM **input and output files. *%
DIM D(21)
DIM GEOMEAN(20)

INPUT"Input Filename ----- >»" ,IFILES

INPUT"Output Filename ---->",OFILES

OPEN "a:"+IFILES FOR INPUT AS #1

INPUT#1,AS

FOR I = 0 TO 20

INPUTH#1, D(I)

NEXT I

CLOSE #1

OPEN "a:"+OFILES FOR OUTPUT AS #1

PRINT#1,AS

FOR I = 1 TO 20

GEOMEAN(I) = SQR(D(I-1) * D(I))

PRINT#1, GEOMEAN(I)

NEXT I

CLOSE #1
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160

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380

REM **This program calculates the sampling and transport efficiency**
REM **of an aerosol. The program prompts for the input filename, **
REM **output filename and sampling rate. The input filename is the**
REM **name of the data file that contains the particle sizes. The **
REM **putput filename is the name of the file that the efficiencies**
REM **are output to. *x
CLS

REM **VALUE OF PROCESS CONSTANTS**
REM **AMBIENT TEMPERATURE, KELVINS**

TEMP = 298

REM **AMBIENT PRESSURE, CM HG**

PRESS = 76

REM **AEROSOL DENSITY, GM/CM3**

RHO = 1

REM **PROBE DIAMETER, INCHES**

DS = 1.05

REM **AIR VISCOSITY, KG/M/S**

NU = .0000185

REM **AIR DENSITY, KG/M3**

RHOAIR = 1.1769

REM **HORIZONTAL TUBE LENGTH, FT**

HLENGTH = 2

REM **VERTICAL TUBE LENGTH, FT**

VLENGTH = 2

REM **ACCELERATION OF GRAVITY, m/s2**

G = 9.810001

REM **INPUT OF PROCESS VARIABLES**

‘WS = 3

INPUT "Input Filename ";IFILES

INPUT "Output Filename ";OFILES

INPUT "Flow Rate (l/min) ";VDOT

OPEN "a:"+IFILES FOR INPUT AS #1

INPUT#1, AS

OPEN "a:"+QFILES FOR QUTPUT AS #2

PRINT#2, AS

PRINT#2, "Volumetric Flow Rate =";VDOT;"l/min"

PRINT#2," FRACTIONAL PENETRATION OF AEROSOL"
PRINT#2," SIZE INLET HORIZ. 90x BEND VERTICAL 45x BEND INCLINED

VERALL"

390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610

FOR I = 1 T0 20
INPUT#1, DP
IF DP <= 0 THEN GOTO 1120
REM **CALCULATION OF CUNNINGHAM SLIP CORRECTION**
A = -,1095 * PRESS * Dp
B = 6.32 + 2.01 * EXP(A)
C=2 *B / PRESS / DP
CC=14+2C
REM **CALCULATION OF GRAVITATIONAL SETTLING VELOCITY**
VS = .003 * RHO * DP * DP
REM **CALCULATION OF BROWNIAN DIFFUSION COEFFICIENT, MKS**
DIFF = 1.46529E~18 * TEMP * CC / NU / DP
REM **CALCULATION OF SAMPLING EFFICIENCY**
STKW = 4.37445E-09 * CC * RHO * DP * DP * WS / NU / DS
OMEGA = 30.40245 * WS * DS * DS / VDOT
A = (OMEGA / STKW) + (2 * OMEGA) + .62
B = (2 * OMEGA) + .62
C = OMEGA - 1
SAMPEFF = 1 + (C * B / A)
REM **CALCULATION OF REYNOLD'S NUMBER**
NRE = 8.35459E-04 * VDOT * RHOAIR / DS / NU
REM **CALCULATION OF STOKES NUMBER FOR BENDS**
STK = 1.438849E-10 * CC * RHO * DP * DP * VDOT / NU / DS / DS / DS
112
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620 IF NRE =< 2300 THEN 640

630 IF NRE > 2300 THEN 740

640 REM **TRANSPORT EFFICIENCY LOSS BY BROWNIAN DIFFUSION, LAMINAR FLOW**
650 XSI = 57453.446# * DIFF * HLENGTH / VDOT

€50 IF XSI =< .02 THEN GOTO 1150

670 IF XsI > .02 THEN GOTO 1210

680 REM **GRAVITATIONAL SEDIMENTATION LOSSES, LAMINAR FLOW**
630 LENGTH = HLENGTH

700 GOSUB 1270

710 REM **LAMINAR, 90x BEND**

720 GOSUB 1380

730 GOTO 800

740 REM **L0SSES IN TURBULENT FLOW**

750 REM **TURBULENT, HORIZONTAL TUBE**

760 LENGTH = HLENGTH

770 GOSUB 1410

780 REM **TURBULENT, 90x BEND**

790 GOSUB 1600

800 IF NRE =< 2300 THEN 930

810 IF NRE > 2300 THEN 820

820 INLET = SAMPEFF

830 HORIZ = TBREFF * TINEFF

840 BEND90 = TBENDEFF

850 VERT = TBREFF * TINEFF

860 BEND45 = TBENDEFF

870 REM**CALCULATION OF INCLINED PIPE SCALING FACTOR**
880 IF VDOT = 130 THEN GOSUB 1650

890 IF VDOT = 70 THEN GOSUB 1720

900 INCLINE = TBREFF * TINEFF * FACTOR

910 TOTAL = INLET * HORIZ * BEND90 * VERT * BEND45 * INCLINE
920 GOTO 1020

930 INLET = SAMPEFF

940 HORIZ = BREFF * LGREFF

950 BEND9O = LBNDEFF

960 VERT = BREFF

970 BEND45 = LBNDEFF

980 GOSUB 1720

990 INCLINE = BREFF * LGREFF * FACTOR

1000 TOTAL = INLET * HORIZ * BEND90 * VERT * BEND45 * INCLINE
1010 GOTO 1020

1020 PRINT#2, USING"##.##";DP;

1030 PRINT#2, USING"##.###--""";INLET;

1040 PRINT#2, USING"##.4###" "~ "";HORIZ;

1050 PRINT#2, USING"##.###°~""";BEND90;

1060 PRINT#2, USING"##.###- "~ "";VERT;

1070 PRINT#2, USING"##.###""""";BEND4S;

1080 PRINT#2, USING"##.###"~"""; INCLINE;

1090 PRINT#2, USING"##.### -~ "";TOTAL

1100 GOTO 1110

1110 NEXT I

1120 CLOSE #1

1130 CLOSE #2

1140 END

1.50 REM **CALCULATION OF BROWNIAN LOSSES, X9I =< .02%*
1160 A = ,177 * (XSI - 1.3333333333333#)

1770 B = 1.2 * XSI

1180 C = 2.56 * (XSI ~ .66666667#)

1190 BREFF = 1 - C + B + A

1200 GOTO 680

1210 REM **CALCULATION OF BROWNIAN LOSSES, XSI >.02%*
1220 A = .032 * EXP(-57 * XSI)

1230 B = ,097 * EXP(-22.3 * XSI) 113




1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680

C = .819 * EXP(~3.657 * XS1)

BREFF = A + B + C

GOTO 680

REM **LAMINAR, GRAVITATIONAL SEDIMENTATION LOSSES**
PHI = 4.,56036 * LENGTH * VS * DS / VDOT

IF PHI > 1! THEN GOTO 1630

REM**For explanation of line 1010 see fig. 6 in Fissan paper*¥*
PHIONE = PHI"(1/3)

PHITWO = PHI"(2/3)

A = PHIONE * SQR(1 - PHITWO)

B = ATN(PHIONE / SQR(-PHIONE * PHIONE + 1))

C = 2 * PHI * SQR(1 - PHITWO)

LGREFF = 1 - .6366198 * (C + B - A)

RETURN

REM **LAMINAR, 90x BEND CALCULATIONS**

LBNDEFF = 1 - STK

RETURN

REM **TURBULENT FLOW MODELS**

REM **CALCULATION OF SCHMIDT NUMBER**

SC = NU / RHOAIR / DIFF

REM **CALCULATION OF FANNING FRICTION FACTOR**

FF = .316 / 4 / (NRE".25)

REM **CALCULATION OF PARTICLE DEPOSITION VELOCITY, BROWNIAN DIFFUSION**
UBR = ,0013814677# * VDOT * (FF~.5) * (SC"-.6666666667#) / DS / DS
REM **CALCULATION OF LOSSES DUE TO BROWNIAN MOTION**
ARGTBR = 1459.318 * DS * LENGTH * UBR / VDOT

TBREFF = EXP(-ARGTBR)

REM **TURBULENT LOSSES INERTIAL EFFECTS**

TAU = 5,555556E~11 * RHO * DP * DP * CC / NU

USTAR = 2,325822E-02 * (FF~.5) * VyDOT / DS / DS
TAUPLUS = TAU * USTAR * USTAR * RHOAIR / NU

UPLUS = 6.000001E-04 * TAUPLUS * TAUPLUS

UIN = UPLUS * USTAR

ARGTIN = 1459.318 * DS * LENGTH * UIN / VDOT

TINEFF = EXP{~-ARGTIN)

RETURN

REM **TURBULENT FLOW BEND EFFICIENCY**

TBENDEFF = 10°(~.963 * STK)

RETURN

LGREFF = 0!

GOTO 1370

REM**INCLINED PIPE FACTOR FOR 130 l/min**

IF DP < 15 GOTO 1680

IF DP => 15 GOTO 1700

FACTOR = 1.000899 - (1.234803E-04 * DP) - (1.994214E-04 * DP * DP) + (7.352

604E-06 * DP * DP * DP)

1690
1700
1710
*20
- 730

RETURN

FACTOR = .8500409 + (1.249575E-02 * DP) ~- (2.598943E~04 * DP * DP)
RETURN

REM **INCLINED PIPE FACTOR FOR 70 1l/min**

FACTOR = .9994884 + (2.10849E-04 * DP) - (3.401449E-04 * DP * DP) + (3.4422.

3E-06 * DP * DP * DP)

1740

RETURN
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10 REM **This program calculates the mass-weighted average efficiency**
20 REM **of a log-normal distribution of particles with equal **
30 REM **]logarithmic intervals. This program only works for twenty **
40 REM **jintervals. The input to this program is the output from the**
SO0 REM **"fissan.bas" program. This program prompts for the input **x
60 REM **and output filenames. *x
70 DIM FRACMASS(20)

80 DIM BINEFF(20,8)

950 DIM AVGEFF(8)

100 INPUT"Input Filename ~---- >" ,IFILES

110 INPUT"Qutput Filename ---->",0OFILES

120 OPEN "a:"+IFILES FOR INPUT AS #1

130 INPUT#1, AS

140 INPUT#1,BS

150 INPUT#1,CS

160 INPUT#1,DS

170 REM **LOAD ARRAY WITH EFFICIENCIES FOR EACH BIN**

180 FOR I = 1 TO 20

190 FOR J = 1 TO 8

200 INPUT#1l, BINEFF(I,J)

210 NEXT J

220 NEXT 1

230 CLOSE #1

240 REM **LOADING MASS FRACTION ARRAY**

250 FOR I = 1 TO 20

250 READ MASSFRAC

270 FRACMASS(I) = MASSFRAC

280 NEXT 1

290 REM **WEIGHTED AVERAGE OF EFFICIENCIES TO OUTPUT FILE**

300 FOR J = 2 TO 8

310 AVGEFFO = Q!

320 FOR I = 1 TO 20

330 AVGEFF(J) = AVGEFFO + (BINEFF(I1,J) * FRACMASS(I))

340 AVGEFFO = AVGEFF(J)

350 NEXT 1I

360 NEXT J

370 REM **OUTPUT AVERAGE EFFICIENCIES TO OUTPUT FILE**

380 OPEN "a:"+OFILES FOR OUTPUT AS #1

390 PRINT#1,AS

400 PRINT#1,BS

410 PRINT#1," "

420 PRINT#1, "MASS-WEIGHTED FRACTIONAL PENETRATION OF LOG-NORMAL DISTRIBUTION OF
AEROSOLS"

430 PRINT#1," INLET HORIZ. 90x BEND VERTICAL 45x BEND INCLINED OVERAL
Lll

440 FOR I = 2 TO 8

450 PRINT#1,USING “"##.###-""""; AVGEFF(I1):

460 NEXT I

470 CLOSE #1

480 DATA .0005, .0013, .0038, .0093, .0201, .0384, .0644, .0979, .1236, .1406,
1406, .1236, .0979, .0644, .0384, .0201, .0093, .0038, .0013, .0005
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APPENDIX B
COMPLETE SET OF NUMERICAL CALCULATIONS GENERATED
BY TEXAS A&M MODEL
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Table B-1 Transmission of Monodisperse Aerosol
Particles through Individual Components of the Aerosol
Transport System. Case 1: Flow rate = 70 L/min, Inlet
Orientation = 90°. The column entitled "inlet" includes
the aspiration efficiency (Vincent et al.; 1986) and
losses in the developing boundary layer (Okazaki and
Willeke, 1987). Identification of components is given

in Figure 1.

Aero-
dynemic,
Diameter Inlet Pl P2 P3 El E2
3 unm 96.21% 99.,74% 100.00% 99.72% 99.02% 99.51%
90.49 99.29 99.99 99.25 97.34 98.66
7 83.16 98.62 99.98 98.54 94.91 97.42
10 70.86 97.21 99.92 97.05 89.94 94.89
15 51.52 93.80 99.62 93.43 78.88 88.82
20 36.60 89.11 98.80 88.41 65.67 81.04
25 26.08 83.18 96.91 81.99 51.89 72.04

118




Table B-2

Transport Systen.

Transmission of
Particles through Individual Components of the Aerosol

Case 2:

Monodisperse

Aerosol

Flow rate = 130 L/min, Inlet

Orientation = 90°. The column entitled "inlet" includes
the aspiration efficiency (Vincent

losses in the developing boundary layer

Willeke, 1987).
in Figure 1.

et al.;

1986)
(Okazaki

and
and

Identification of components is given

..

Aero—.
dynanic
Diameter 1Inlet Pl P2 P3 El E2
3 um 97.22 99.86 99.99 99.85 98.18 99.09
92.92 99.60 99.96 99.57 95.12 97.53
7 87.22 99,21 99.85 99.14 80.75 95,26
10 77.16 98.30 99.39 98.11 82.13 90.63
15 59.89 95.55 96.79 94.80 64.37 80.23
20 45.13 87.97 84.41 84.13 45.79 67.67
25 33.82 80.24 73.65 73.65 29.57 54.38
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Table B-3 Transmission of a Polydisperse Aerosol

through Individual Components of the Transport Systen.
Case 3: Flow rate = 70 L/min, Inlet Orientation = 90°.

The column entitled "inlet" includes the aspiration
efficiency (Vincent et al.; 1986) and losses in the

developing boundary layer (Okazaki and Willeke, 1987).

Mass
Median
Aero~
dynamic Component
Diameter 1Inlet Pl P2 P3 El E2
5 unm 88.36% 99.11% 99.98% 99.10% 96.74% 98.39%
15 51.00 93.92 _ 99.56 94.87 81.14 90.93
Table B-4 Transmission of a Polydisperse Aerosol
through Individual Components of the Transport Systen.
Case 4: Flowrate = 130 L/min, Inlet Orientation = 90°.
The column entitled "inlet"™ includes the aspiration
efficiency (Vincent et al.; 1986) and losses in the
developing boundary layer (Okazaki and Willeke), 1987.
Mass
Median
Aero- .
dynamic component
Diameter 1Inlet Pl P2 P3 El E2
5 um 91.15% 99.47% 99.90% 99.47% 93.97% 97.04%
15 58.40 94.35 96,70 96.12 68.17 85,22
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Table B-5 Transmission of Monodisperse Aerosol
Particles through Individual Components of the Aerosol
Transport System. Case 5: Flow rate = 70 L/min, Inlet
Orientation = 0°. The column entitled "inlet" includes
the.aspiration efficiency (Vincent et al.; 1986) and
losses in the developing boundary layer (Okazaki and
Willeke, 1987). Identification of components is given
in Figqure 1.

Aero-
aynemic,
Diameter 1Inlet Pl p2 P3 El E2
3 um 99.43% 99.74% 100.00% 99.72% 99.02% 99.51%
5 98.94 99.29 99.99 99.25 97.34 98.66
7 98.44 98.62 99.98 98.54 94.9%91 97.42
10 97.71 97.21 99.92 97.05 89.94 94.84
15 96.40 93.80 99.62 93.43 78.88 88.82
20 94.73 89.11 98.80 88.41 65.67 81.04
25 92.44 83.18 96.51 81.99 51.89 72.04
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Table B-6 " %ransmission of Monodisperse Aercsol
Particles through Indiyidual Components of the Aerosol
Transport System. Case 6: Flow rate = 130 L/min, Inlet
Orientation = 0°. The column entitled "inlet" includes
the aspiration efficiency (Vincent et al.; 1986) and
losses in the developing boundary layer (Okazaki and
Willeke, 1987). Identification of components is given

in Figure 1.
Aero-
dynamic
Particle Component
Diameter 1Inlet P1 P2 P3 El E2
3 unm 99.26% 99.89% 99.99% 99.85% 98.18% 99.09%
98.33 99,60 99.96 99.57 95.12 97.53
7 97.14 99.21 99.85 99.14 90.75 95.26
10 94.97 98.30 99,39 98.11 82.13 90.63
15 90.60 95.55 96.79 94.80 64.37 80.23
20 85.67 87.97 84.41 84.13 45,79 67.67
25 80.54 80.24 73.65 73.65 29.57 54.38
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Table B-7  penetration of Monodisperse Aerosols through
the Overall Tubing Systenm.

Case Case Case Case
1 2 5 6
, Inlet Orientation
) 90 0
gzig?gg:mlc Flow Rate, L/min
Diameter 70 130 70 130
3 um 94,28% 94.29% 97.43% 96.27%
5 85.64 85.46 93.63 90.43
7 74.70 74.04 88.43 82.46
10 56.98 55.05 78.57 67.76
15 31.51 27.12 58.96 41.02
20 15.16 8.74 39.24 16.59
25 6.44 2.37 22.84 5.64

1283




Table B-8 Transmission of a Polydisperse Aerosol
through Individual Components of the Transport System.
Ccase 7: Flowrate = 70 L/min, Inlet Orientation = 0°.
The column entitled - "inlet" includes the aspiration
efficiency (Vincent et al.; 1986) and 1losses in the
developing boundary layer (Okazaki and Willeke, 1987).

Mass
Median

Aero~-

dynamic Component

-Diameter Inlet Pl P2 P3 El E2

5 um 98.83% 99.03% 99.98% 99.03% 96.49% 98.26%
15 95.58 91.82 99.26 93.71 76.47 88.91

Table B-9 Transmission of a Polydisperse Aerosol
through Individual Components of the Transport System.
Case 8: Flowrate = 130 L/min, Inlet Orientation = 0°.
The column entitled "inlet" includes the aspiration
efficiency (Vincent et al.; 1986) and losses in the
developing boundary layer (Okazaki and Willeke), 1987).

Mass

Median

Aero- ¢ t

dynamic omponen

Diameter Inlet Pl P2 P3 El £2
S um 97.96% 99.44% 99.88% 99.44% - 93.67% 96.90%
15 89.10 92.58 95.65 95.42 63.78 83.57
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Table B-10 Ppenetration of Polydisperse Aerosols

through

the Overall Tubing Systenm. The aerosol in the free
stream is assumed to be log-normally distributed with a

geometric standard deviation of 1.5.

Case Case €ase Case
3 4 7 8
Mass , Inlet Orientation
Median 90 0
Aerodynamic ;
Particle Flow Rate, L/min
Diameter 70 130 70 130
5 um 82.58% 82.15% 91.88% 87.82%
15 33.238 29.75 55.51 40.13
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APPENDIX C
COMPLETE SET OF NUMERICAL CALCULATIONS GENERATED
BY IITRI MODEL
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rable C-1 Sampling Efficiency as a Function of Particle Size
(Alpha = 0 degrees;Velocity Ratio = 1.3)

0 1 DIAMETER, 2 STOKES # 3 CONC.

micron RATIO
1 3 0.0058 0.940611
2 5 0.0162 0.940611
3 7 0.0318 0.940611
4 10 0.0649 0.930008
5 15 0.1459 0.919466
6 20 0.2595 0.919466
7 25 0.4054 0.908984

lable C-2 sampling Efficiency as a Function of Particle Size
(Alpha = 0; Velocity Ratio = 0.7)

0 1 DIAMETER 2 STOKES # 3 CONC
micron RATIO

1 3 0.0058 1.007484
2 5 0.0162 1.007484
3 7 0.0318 1.007484
4 10 0.0649 1.007484
5 15 0.1459 1.083860
6 20 0.2595 1.146970
7 25 0.4054 1.211865
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Table C-3 Sampling Efficiency as a Function of Particle Size
(Alpha = 90 degrees; Velocity Ratio = 1.3)

0 1 DIAMETER 2 STOKES # 3 CONC

micron RATIO
1l 3 0.0058 0.854107
2 5 0.0162 0.852980
3 7 0.0318 0.847058
4 10 0.0649 0.848458
5 15 0.1459 0.811773
6 20 0.2595 0.,.760660
7 25 0.4054 0.701941

rable C-4 sampling Efficiency as a Function of Particle Size
(Alpha = 90 degrees; Velocity Ratio = 0.7)

0 1 DIAMETER 2 STOKES # 3 CONC

micron RATIO
1 3 0.0058 0.892986
2 5 0.0162 0.893216
3 7 0.0318 0.883381
4 10 0.0649 0.871970
5 15 0.1459 0.799119
6 20 0.2595 0.759128
7 25 0.4054 0.713426
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APPENDIX D
COMPLETE SET OF NUMERICAL CALCULATIONS
GENERATED BY UNIVERSITY OF DUISBURG MODEL
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Table D-1. Penetration Efficiency Calculations For Monodispersed Particle

Monodispersed Aerosol
Volumetric Flow Rate =

SIZE
3.00
5.00
7.00
10.00
15.00
20.00
25.00

Distributions - 0°

INLET
.007E+00
.018E+00
.033E+00
1.062E+00
1.119E+00
1.174E+00
1.222E+00

—h o —h

Size [=] um
70 L/min, Wind Speed =

3 m/sec

FRACTIONAL PENETRATION OF AEROSOL

HORIZ.
1.000E+00
9.999E-01
9.998E-01
9.993E-01
9.963E-01
9.884E-01
9.721E-01

90° BEND
9.901E-01
9.734E-01
9.490E-01t
8.994E-01
7.888E-01
6.567E~-01
5.189E-01

VERTICAL

1.000E+00
9.999E-01%
9.998E-01
9.993E-01
9.963E-01
9.884E-01
9.721E-01

45° BEND
9.901E-01
$.734E-01
9.480E-01
8.994E-01
7.888E-01
6.567E-01
5.189E-01

INCLINED
9.871E~-01
9.924E-01
.853E-01
.703E-01
. 343E-01
.848E-01
.224E-01

W ®mwWwww

Inlet Orientation & 70 L/min Flow Rate

CUuM,
.841E-01
.569E-01
.165E~01
.327E-01
.455E-01
.376E-01
.556E-01

NED®OOWW

Table D-2. Penetration Efficiency Calculaticns For Monodispersed Particle

Monodispersed Aerosol
Volumetric Flow Rate =

SIZE
3.00
5.00
7.00
10.00
16.00
20.00
25.00

Distributions - 0°

INLET
.960E-01
.894E-01
.804E-01
.635E-01
.318E-01
9.020E-01
8.769E-01

www oo

Size [=] um
130 L/min, Wind Speed

3 m/sec

FRACTIONAL PENETRATION OF AEROSOL

HORIZ.
9.999E-01
9.996E-01
9.985E-01
9.940E-01
9.706E-01
9.104E-01
7.958E-01

90" BEND
9.818E-01
9.512E-01
9.074E-01
8.213E-01
6.437E-01
4.579€E-01
2.957E-01

VERTICAL

9.999E-01
9.996E-01
9.985E-01
9.940E-01
9.706E-01
9.104E-01
7.958€£-01

132

45° BEND
9.818E-01
9.512E-01
9.074E-01
8.213€E-01
6.437E-01
4.579E~01
2.957€-01

INCLINED

9.989E-01
9.958E-01
9.913E-01
9.812E-01
9.502E-01
9.068E-01t
7.958E-01

Inlet Orientation & 130 L/min Flow Rate

CUM,
.588E-01
.908E-01
.979E~01
.301E~-0O1
3.456E-01
1.421E-01
3.864E-02
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Table D-3. Penetration Efficiency Calculations for Polydispersed Particle

MMD =

volumetric Flow Rate = 70 1/min,

SIZE
3.72
4.31
4.99
5.78
6.69
7.75
8.97
10.39
12.04
13.94
16.14
18.69
21.65
25.07
29.04
33.63
38.94
45.10
52.23
60.49

MMD =

Distributions - MMD =

Flow

15 um o©

INLET
1.010E+00
1.013E+00
1.018E+00
1.023E+00
1.031E+00
1.040€+00
1.052E+400
1.067E+00
1.085E400
1.107E+00
1.132E+00
1.160E+00
1.191E+00
1.222E+400
1.254E+00
1.284E+00
1.312E+00
1.336E+00
1.357E4Q0
1.374E+00

15 um o©

Rate = 70

= 1.5 ym Size [=] um
Wind Speed =

L/min

15um,

Inlet Orientation

3 m/sec

FRACTIONAL PENETRATION OF AEROSOL

HORIZ.
1.000E+00
1.000E+00
9.999E-01
9.999E-01
9.998E-01
9.997E-01
9.995E-01
9.991E-01
9.985E-01
9.972€E-01
9.951€E~-01
9.912E~-01
9.842€-01
9.718E-01
9.499E-01
9.119E-01
8.473E-01
7.425E-01
5.857€-01
3.824E-01

90° BEND
9.850E-01
9.801E-01
9.735E-01
9.648E-01
9.533E-01
9.380E-01
9.180E-01
8.919E-01
8.580£-01
8.146E-01
7.599E-01
6.923E-01
6.111E-01
5.169E-01
4.130€~-01
3.057E~-01
2.043€E-01
1.180E-01
5.762E~-02
2.180€E-02

1.5 um Size [=] um

VERTICAL

1.000E+00
1.000E+00C
9.999E-01
9.999E~01
9.998E-01
9.997E-01
9.995E-01
9.991E~-01
9.985E~-01
9.972E~01
9.951E-01
9.912E-01
9.842€E-01
9.718E-01
9.499E-01
9.119E-01
8.473€E-01
7.425E-01
5.857E-01
3.824E-01

45° BEND
9.850E-01
9.801E-01
9.735€E-01
9.648E-01
9.533E~01
9.380E-01
9.180E-01
8.919E-01
8.580E-01
8.146E~-01
7.599E-01
6.923E-01
6.111E-01
5.169E-01
4.130E-01
3.057E-01
2.043E-01
1.190E-01
§.762E-02
2.180E-02

volumetric Flow Rate = 70 1/min, Wind Speed = 3 m/sec

=0,

INCLINED

9.957€-01
9.943E-01
9.924E-01
9.899E-01
9.865E-01
9.820E-01
9.760E-01
9.680E-01
9.573E-01
9.430E-01
9.241€E~01
8.990E-01
8.656E-01
8.214E~01
7.629&E-01
6.865E-01
5.890E-01
4.700E-01
3.356E-01
2.025E-01

CuMm,
9.758E-01
9.678E~01
9.571E-01
9.428E-01
9.236E~01
8.981E-01
8.643E~01
8.198E-01
7.621E-01
6.887E~01
5.981E~01
4,311E-01
3.728€E-01
2.534E-01
1.473€E-01
6.853E-02
2.318€E-02
4.,900E-03
5.187E-04
1.933E-05

MASS-WEIGHTED FRACTIONAL PENETRATION OF LOG-NORMAL DISTRIBUTION OF AEROSOLS

INLET

HORIZ.

90° BEND VERTICAL 45° BEND

INCLINED

CUM.

1.129E+00 9.870E-01 7.466E-01 9.870E-01 7.466E~-01 9.104E-01 5,990E-01
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Table D-4,

MMD =

SIZE
.72
.31
.99
.78
.69
.75
.97
.39
.04
.94
.14
.68
.65
.07
.04
.63
.94
.10
.23
.49

MMD =

Volumetric Flow Rate

Distributions ~ MMD = 1

Flow Rate =

15 um o©

®WOoO®ODP®O®WIWIWWIWWWWYWWWOW

INLET

.940E-01
+.820E-01
.895E-01
.862E~-01
.819E-01
. 764E-01
.696E-01
.610E-01
.507E-01
.386E~-01
.247E-01
.093E-01
.931E-01
.766E-01
.605E~01
.454E-01
.318E-01
.201E-01
. 102E-01
.020E~01

1S ym o

9

H 2 ONPLOTINODWWDWWWWWWWY

130 L/min

5 um,

1.5 um Size (=] um
Volumetric Flow Rate = 130 1/min, Wind Speed =

3 m/sec

FRACTIONAL PENETRATION OF AEROSOL

HORIZ.

.999E-01
. 998E-01
.996E-01
. 993E-01
. 988E-01
.978E-01
.961E-01
.931E-01
.876E-01
.7T79€-01
.608E-01
.308E-01
. 792E-01
.937€~01
.604E-01
.T47E-01
.622E-01
.027E-02
. 328E-02
.235€-04

90° BEND
. T24E-0
.634E-0
.514E-0
.357E-0
. 150€E-0
.880E-0
.531E-0
.085E-0
.524E-0
.833E-0
.006E-0
.052E-0
.006E-0
.936E-0
.836E-0
.107E-0
.235E-0
.918E~0
.991E-0
.206E-0

OP 2NaaNDNEORODOO VOO WWIWOWIW

VERTICAL
1 9.999E-01
1 9.998E-01
1 9.986E-01
1 9 993E-O01
1 9.988E-01
1 9.978E-01
1 9.961E-01
1 9.931E-01
1 9.876E-0
1 9.779E-01
1 9.608E-01
1 9.308E-01
1 8.792E-01
1 7.937E-01
1 6.604E~-01
1 4,747E-01
2 2.622E-01
2 9.027E-02
3 1.328E-02
4 4,235E-04

1.6 um Size [=] um

130 1/min,

wind Speed

4

OP ANt aNEBNOD~O®MO W WO WD

5° BEND
.724E-01
.634E--01
.514E~01
. 357E-01
. 1560E-01
.880E~01
.531E-01
.085E-01
.524E-01
.833&~01
.006E~01
.0582E-01
.006E-01
.936E-01
.936E-01
.107E-01
.235€-02
.918E-02
.991E-03
.206E-04

3 m/sec

= 07,

INCLINED

N2~ LD WWWWWIWIWWWWWW

.979E-01
.970E-01
.958E-01
.943E-01
.921E-01
.892E~01
.852E-01
.795E-01
.712E-01
.587E-01
.4547-01
.241E-01
.781E-01
.937€E-01
.563E-01
.634E-01
.472E-01
.989E-C2
.054E-02
.774E-04

9.
.175E-01
.912E-01
.572E-01
.136E-01
.584&-01
.898E-01
.069E-01
.098E~01
.018E-01
.911E-01
.858E-01
.730E-02
.778&-02
.227€E-03
.082E-03
.875€-05
.964E-07
.TASE-11
.686E~-17

NWsWaPDWWO-2NPOOOOINOODW

Penetration Efficiency Calculations For Polydispersed Particle
Inlet Oryentation

CuMm.
376E-01

MASS-WEIGHTED FRACTIONAL PENETRATION OF LOG-NORMAL DISTRIBUTION OF AEROSOLS

INLET

HORIZ.

90" BEND VERTICAL 45° BEND

INCLINED

CUM -

9.266E-01 9.192E-01 6.049E-01 9.192E-01 6.049E-01 9.083E-01 3.581E-01

1
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3 m/sec

45° BEND
.982E-01
.976E-01
.968E-01
.958E-01
. 944E-01
. 926E-01
.902E-01
.870E-01
.827E-01
.770E-01
.694E-01
.593E-01
.460E-01
.2B4E~-01
.054E-01
.755E-01
.370E-01
.220E-01
. 268E-01
.522€-01

DN~ OODOWOOLODVDWWWLWOWWO WYY

Table D-5.
Distributions - MMD = 5 um,
Flow Rate = 70 L/min
MMD = 5 um o = 1.5 um Size [=] um
Volumetric Flow Rate = 70 1/min, Wind Speed =
FRACTIONAL PENETRATION OF AEROSOL
SI1ZE INLET HORIZ. 90° BEND VERTICAL
1.24 1.00YE+00 1,.000E+00 9.982E£-01 1.000E+00
1.44 1,')2E+00 1.000E+00 9.976E-01 1.000E+00
1.66 1.002€+00 1.000E+00 9.968E-01 1.000E+00
1.83 1.003E+00 1.000E+400 9.958E-01 1.000E+00
2.23 1.004E+00 1.000E+00 9.944E~-01 1.000E+00
2.58 1.0085E+00 1.000E+00 9.926E-01 1.000E+00O
2.99 1.007E+00 1.000E+00 9.902E-01 1.000E+00
2 46 1.009E+00 1.000E+00 9.870E-01 1.000E+00
4.01 1.012E+00 1.000E+00 9.827E-01 1.000E+00
4.65 1.015E+00 9.999E-01 8.770E-01 9.99%E-01
5.38 1.020E+00 9.999E-01 9.694E~-01 9.899E-01
6.23 1.627E+00 9.999E-01 9.593E~01 9.999E-01
7.22 1.035E+00 9.998E-01 9,460E-01 9,998E~-01
8.36 1.046E4+00 9.896E-01 9.284E-01 9.996E-01
9.68 1.059E+00 9.993E~01 9.054E-01 9.993E-01
11.21 1.076E+00 9.988E-01 8.755E-01 9.988E-01
12.98 1.096E+00 9.979E-01 8.370E-01 9.979E~-01
15.03 1.119E+00 9.963E-01 7.880E-01 9.963E-01
17.41 1.146E+00 9.933E~01 7.268E-01 9.933E-01
20.16 1.176E+00 9.881E-01 6,522E~01 9.881E-01
MMD = 5 um o = 1.5 um Size [=] um
Volumevrric Flow Rate = 70 1/min, Wind Speed =

3 m/sec

= 0",

INCLINED
9.992E-01
9.8991E-01
. 8839E-01
. 986E-01
.983E-01
.978E-01
.971E-01
.962E~-01
.950E-01
.834E-01
.912E-01
.883E-01
.844E-01
.791E-01
. 721E-01
.628E-01
.504E-01
. 340E-01
121E-01
.830E-01

QW W WLWWWWIWOWIWWDWWEEO

Penetration Efficiency Calculations For Polydispersed Particle
Inlet Orientation

CUM.
9.967E~-01
9.958E-01
9.946E-01
9.930E-01
9.909E-01
9.880E-01
9.841E-01
9.790E-01
9.720E-01
9.627E-01
9.5603E-01
9.336E-01
9.114E-01
8.818E-01
8.429€E-01
7.918E-C{
7.264E~-0
6.442E-01
5.448E-01
4.311E-01

MASS-WEIGHTED FRACTIONAL PENETRATION OF LOG-NORMAL DISTRIBUTION OF AEROSOLS

INLET

HORIZ.

90° BEND VERTICAL

45°

BEND

INCLINED

CUM.,

1.023E+00 S.996E-01 9.639E~-01 9.996E-01 9.639E-01 9.893E~-01 9.408E~01
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Table

MMD =

Volumetric Flow Rate =

SIZE
1.24
1.44
1.66
1.93
2.23
2.58
2.99
3.46
4,01
4.65
5.38
6.23
7.22
8.36
9.68
11.21
12.98
15.083
17.41
20.16

MMD =

D-6.
Distributions - MMD =
Flow Rate =

5 um o =

INLET
9.993E-01
9.990E-01
9.987E-01
9.983E-01
9.977E-01
9.970E~01
9.960E-01
9.947E-01
9.930E-01
9.908E-01
9.879E-01
9.841E-01
9.793E-01
9.731E-01
9.654E-01
9.560E-01
9.447E-01
9.316E-01
9.169E-01
9.011E-01

S um o =
Volumetric Flow Rate =

1.5 um Size [=] um
wWind Speed

130 1/min,

130 L/min

5 um,

= 3 m/sec

FRACTIONAL PENETRATION OF AEROSOL

HORIZ.
1.000E+0Q0
1.000E+00
1.000E+00
1.000E+00
1.000E+00
9.999E-01
9.998E~-01
9.993%E-01
9.988E-01
9.897E-01
9.995E-01
9.991E-01
9.984E-01
9.971E-01
9.948E-01
9.907E-01
9.833E~01
9.703E~01
9.474E-01
9.076E~01

1.5 um Size [=] um
130 1/min, Wind Speed

90" BEND
9.966E-01
9.956E-01
9.941E~01
9.922E-01
9.897E-01
9.863E-01
9.819E-01
9.759€-01
9.681E-01
9.576E-01
9.438E-01
9.257€-01
9.020E-01
8.711E-01
8.315E-01
7.812E-01
7.185E-01
6.424E-01
5.529E-01
4.521E-01

VERTICAL

1.000E+Q0
1.000E+00
1.000E+00
1.000E+00
1.000E+00
9.999E-01
9.999E-01
9.999E-01
9.998E-01
9.997E-01
9.995E~01
9.991E-01
9.984E-01
9.971E-01
9.948E-01
9.907E-01
9.833E-01
9.703E-01
9.474E-01

45° BEND
9.966E-01
9.956E-01
9.941E-01
9.922E-01
9.897E-01
9.863E-01
9.819E-01
9.759€E-01
9.681E-01
9.576E-01
9.438E-01
9.257€-01
9.020E-01
8.711E-01
8.315E-01
7.812&-01
7.185€E-01
6.424E-01
5.529E-01

= 0",

INCLINED

1.000E+00
1.000E+00
1.000E+00C
9.999E-01
9.997E-01
9.993E~-01
9.989E-01
9.9883&-01
9.975E-01
9.965€E-01
8.951E-01
9.932&~01
9.307E-01
9.873E-01
9.825E-01
9.756E-01
9.654E-01
9.501E-01
9.368E-01

9.076E-01 4.521E~-01 9.043E-01

= 130 L/min

Penetration Efficiency Calculations For Polydispersed Particle
Inlet Orientation

CUM.
9.928E~-01
9.904E-01
9.871E-01
9.827E-01
9.769E-01
.692E-01
.590E-01
.456E-01
.279E-01
.048E-01
. 748E-01
. 360E~01
.867€-01
.248E-01
.488E-01
.586E-~01
.553E-01
.439E-01
.357E-01
.372E-01

“NWPODI~NDPOIWWWWW

MASS-WEIGHTED FRACTIONAL PENETRATION OF LOG-NORMAL DISTRIBUTION OF AEROSOLS

INLET

HORIZ.

90° BEND VERTICAL 45° BEND

INCLINED

CUM.,

9.861E-01 9.984E-01 9.349E-01 9.984E-01 9.349E-01 9.937E-01 8.598E~-01
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APPENDIX E
COMPLETE SET OF NUMERICAL CALCULATIONS GENERATED
BY BATTELLE MODEL
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Table E-1  RESULTS OF SAMPLF CALCULATIONS USING MMD = 5 um
ARD Q = 70 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass
Horizontal pipe 0.208E-5 0.197E-2 98.52
90° bend 0.362E-6 0.197€-2 98.26
Vertical pipe 0.272€-8 0.197¢-2 98.26
45° bend 0.181E-6 0.196E-2 98.13
Inclined pipe 0.143E-5 0.194E-2 97.11

Table E-2  RESULTS OF SAMPLF CALCULATIONS USING MMD = 15 um
AND Q = 70 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min ng/m3 % (mass
Horizontal pipe 0.168E-4 0.176E-2 87.99
90° bend 0.136E-5 0.174E-2 87.02
Vertical pipe 0.122¢e-8 0.174€-2 87.02
45° bend 0.659E-6 0.173e-2 86.55
Inclined pipe 0.950€-5 0.160€E-2 79.76
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Table E-2 RESULTS OF SAMPLF CALCULATIONS USING MMD = 5 um
AND Q = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling

Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % mass
Horizontal pipe 0.209E-5 0.198E-2 99.1%
90° bend 0.212E-5 0.197€-2 98.38
Vertical pipe 0.482¢t-8 0.197€-2 98.38
45° bend 0.105E-5 0.196E-2 97.97
Inclined pipe 0.143€-5 0.195€-2 97.42

Table E-4  RESULTS OF SAMPLF CALCULATIONS USING MMD = 15 um
AND Q = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass{
Horizontal pipe 0.177e-4 0.186E-2 93.18
90° bend 0.158E-4 0.174E-2 87.11
Vertical pipe 0.220£-8 0.174E-2 87.11
45° bend 0.725E-5 0.169€-2 84.32
Inclined pipe 0.956E-5 0.161E-2 80.65
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RESULTS OF SAMPLF CALCULATIONS USING D = 3 um

Table E-5
AND Q = 70 L/min
Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % mass
Horizontal pipe 0.548E-6 0.199€-2 99.61
90° bend 0.315E-6 0.199E-2 99.38
Vertical pipe 0.369E-8 0.199€-2 99.38
45° bend 0.157E-6 0.199€-2 99.27
Inclined pipe 0.386E-6 0.198E-2 98.99

Table E-6 RESULTS OF SAMPLF CALCULATIONS USING D = 5 um
AND Q = 70 L/min
Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 5 (mass{
Horizontal pipe 0.151E-5 0.198€-2 98.92
90° bend 0.342¢€-6 0.197€-2 98.68
Vertical pipe 0.263E-8 0.197E-2 98.68
45° bend 0.171E-6 0.197E-2 98.55
Inclined pipe 0.106E-5 0.196E-2 97.80
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Table E-7  RESULTS OF SAMPLF CALCULATIONS USING D = 7 um
AND Q = 70 L/min
Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % mass
Horizontal pipe 0.294E-5 0.196E-2 67.90
90° bend 0.385E-b 0.195€-2 97.62
Vertical pipe 0.209E-8 0.195E-2 97.62
45° bend 0.192E-6 0.195€-2 97.48
Inclined pipe 0.204E-5 0.192€-2 96.03

Table E-8  RESULTS OF SAMPLF CALCULATIONS USING D = 10 um
AND Q = 70 L/min
Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass
Horizontal pipe 0.594E-5 0.192E-2 95.76
90° bend 0.486E-6 0.191E-2 95.41
Vertical pipe 0.163E-8 0.191E-2 95.41
45° bend 0.242€-6 0.191E-2 95.24
Inclined pipe 0.402€-5 0.185E-2 92.37
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Table E-9 RESULTS OF SAMPLF CALCULATIONS USING D = 15 um
AND Q = 70 L/min

Local Cu~ilative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass
Horizontal pipe 0.130€-4 0.181E-2 90.71
90° bend 0.789E-6 0.180E-2 90.15
Vertical pipe 0.119€-8 0.180E-2 90.15
45° bend 0.393E-6 0.180€-2 89.87
Inclined pipe 0.838E-5 0.168E-2 83.89

Table E~10 RESULTS OF SAMPLF CALCULATIONS USING D = 20 um
AND Q = 70 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % mass
Horizontal pipe 0.223E-4 0.168E-2 84.09
90° bend 0.139E-5 0.166E-2 83.10
Vertical pipe 0.912¢-9 0.166E-2 83.10
45° bend 0.687E-6 0.165E-2 82.61
Inclined pipe 0.133e-4 0.146E-2 73.09

142




Table E=-11 RESULTS OF SAMPLF CALCULATIONS USING D = 25 um
AND Q = 70 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass{
Horizontal pipe 0.332E-4 0.153E-2 76.29
90° bend 0.265E-5 0.149¢-2 74.40
Vertical pipe 0.708E-9 0.149€-2 74.40
45° bend 0.130E-5 0.147€-2 73.47
Inclined pipe 0.179E-4 0.121E-2 60.67

Table E-12 RESULTS OF SAMPLF CALCULATIONS USING D = 3 um
AND Q = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % mass
Horizontal pipe 0.552E-6 0.200E-2 99.79
90° bend 0.148E-5 0.198E-2 99.22
Vertical pipe 0.648€-8 0.198E-2 99.22
45° bend 0.736€-6 0.198E-2 98.93
Inclined pipe 0.388E-6 0.198€-2 98.78
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Table E~13 RESULTS OF SAMPLF CALCULATIONS USING D = 5 um
AND Q@ = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass
Horizontal pipe 0.152E-5 0.199E-2 99.42
90° bend 0.178E-5 0.198€-2 98.73
Vertical pipe 0.466E-8 0.198E-2 98.73
45° bend 0.886E-6 0.197€-2 98.39
Inclined pipe 0.106E-5 0.196E-2 97.98

Table E~-14  RESULTS OF SAMPLF CALCULATIONS USING D = 7 um
AND Q = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (massg
Horizontal pipe 0.296E-5 0.198€-2 98.86
90° bend 0.231E-5 0.196€E-2 97.97
Vertical pipe 0.375€-8 0.196E-2 97.97
45° bend 0.115€-5 0.195€-2 97.53
Inclined pipe 0.204E-5 0.193E-2 96.74
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Table E-15 RESULTS OF SAMPLF CALCULATIONS USING D = 10 um
AND Q = 130 L/min
Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % mass
Horizontal pipe 0.600E-5 0.195E-2 97.69
90° bend 0.388€-5 0.192€-2 96.20
Vertical pipe 0.294E-8 0.192€-2 96.20
45° bend 0.192E-5 0.191E-2 95.46
Inclined pipe 0.406E-5 0.188E-2 93.90

Table E~16 RESULTS OF SAMPLF CALCULATIONS USING D = 15 um
AND Q = 130 L/min
Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section mg/min mg/m3 % (mass{
Horizontal pipe 0.133E-4 0.190E-2 94.89
90° bend 0.142€-4 0.179€-2 89.43
Vertical pipe 0.213E-8 0.179€-2 89.43
45° bend 0.678E-5 0.174¢€-2 86.82
Inclined pipe 0.822E-5 0.167E-2 83.66
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Table E-17 RESULTS OF SAMPLF CALCULATIONS USING D = 20 um
AND Q = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section ng/min mg/m3 % mass
Horizontal pipe 0.232E-4 0.182€-2 91.09
90° bend 0.258E-4 0.162E-2 81.17
Vertical pipe 0.162E-8 0.162E-2 81.17
45° bend 0.118E-4 0.153E-2 76.62
Inclined pipe 0.127e-4 0.143E-2 71.73

Table E-18  RESULTS OF SAMPLF CALCULATIONS USING D = 25 um
AND Q = 130 L/min

Local Cumulative
Inlet Deposition Exit Sampling
Train Rate, Concentration, Efficiency,
Section ng/min mg/m3 % (mass{
Horizontal pipe 0.353E-4 0.173E-2 86.44
90° bend 0.357E-4 0.145E-2 72.70
Vertical pipe 0.127€-8 0.145E-2 72.70
45° bend 0.157E-4 0.133e-2 66.68
Inclined pipe 0.170E-4 0.120€-2 60.15
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APPENDIX F
COMPLETE SET OF EXPERIMENTAL DATA GENERATED BY
WIND TUNNEL TESTS
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Table ¥-1
Test Case

Experimantal Values of Aerosol Penetration.

1.

Wind Speeda = 3 w/s,

Inlet OQriented

Perpendicular to Air Stream (90°), Sampled Flow Rate =

70 L/min.
AED Mean Penetration
Particle t 1 Standard
Size, Deviation,
um Penetrationr Values, Percent Pexrcent
3.9 94.6, 92.4, 92.2 93.1 1.3
4.8 93.5,95.9, 91.7, 89.¢C 92.5 t 2.9
7.2 76.4, 75.7, 78.6 76.9 ¢ 1.5
7.4 78.3, 73.3, 73.7, 76.4 75.4 2 2.4
10.1 62.9, 63.1, 680.0 61.9 ¢t 1.8
11.5 44.3, 42.3, 4%5.9, 46.1 44.7 ¢ 1.8
14.9 21.0, 19.9, 19.9, 21,1 20.4 ¢ 0.7
19.6 4.1, 4.0, 4.6, 4.2 4.3 2 0.3
25.4 4.9, 0.8, 0.0 1.9 ¢ 2.6
Table F-2  pyperimental Values of Aerosol Penetration.

Test Case 2.

Wind Speed =
Perpendicular to Air Stream (90°), Sampled Flow Rate =

Inlet Orlented

130 L/min.

AED Mean Penetration
Particle t 1 standard
Size, Deviation,
um Penetration Values, Percent Percent

3.5 92.5, 92.8, 91.7 92.4 ¢t 0.6
4,9 92.4, 91.3, 91.4 91.7 2 0.6
7.2 80.2, 84.5%5, 84.0 82.9 ¢ 2.4
7.4 80.6, 82.7, 83.4, 80.2 81.8 £ 1.¢€
10.1 64.7, 65.9, 61.4, 61.2 63.3 ¢ 2.4
11.5 53.1, 58.5, 56.4 56.0 £ 2.7
14.9 24.5, 25.8, 29.8, 26.8 26.8 = 2.3
19.6 3.8, 4.3, 4.2, 3.9 4.0 £ 0.3
25.4 0.5, 0.0, 0.7, 0.9 0.5 2 0.4

148




Table F-3 Experimental Values of Aerxocsol Penetration.
Test Case 5. Wind Spead -1 m/8, Inlet Oriented
Parallel to the Air Stream (0'), Sampled Plow Rate =
70 L/min.

AED Mean Penetration
Particle ¢ 1 Standard
Size, Deviation,
um Penetration Values, Percent Percent
3.0 100.3, 113.6, 97.4, 110.1 105.3 = 7.7
5.1 95.3, 99.5, 95.9, 94.7 96.3 £ 2.2
7.0 90.8, 89.6, 90.5, 88.8 89.9 ¢ 0.9
9.8 83.3, 87.5, 80.3, 81.0 83.0 £ 3.2
12.0 73.7, 74.1, 72.4, 74.4 73.7 £ 0.9
15.2 55!6' 5608’ 51.8' 58.8 5508 t 2.9
19.4 29.3, 34.1, 35.2, 32.6 32.8 2 2.6
25.7 7.1, 7.3, 5.4, 6.1 6.5 ¢ 0.9

Table F-4  pyperimental Values of Aerosol Penetration.
Test Case 6. Wind Speed = 3 mn/s, 1Inlet Oriented
Parallel to the Air Stream (0°), Sampled Flow Rate =
130 L/min.

AED Mean Penetration
Particle ¢ 1 Standard
Size, Deviation,
um Penetration Values, Percent Percent
3.0 94.8, 91.5, 96.4, 89.8 83.1 2 3.0
5.1 92.9, 89.9, 91.2, 87.9 90.4 2 2.1
7.0 92.4, 83.5, 86.3, 81.7 86.4 ¢ 5.5
9.8 69.4, 70.7, 69.4, 69.1 69.6 £ 0.7
12.0 56.8, 59.8, 55.3, 58.1 7.6 ¢ 1.9
15.2 31.1, 32.7, 30.7 31.5 ¢ 1.0
19.4 11.9, 11.5, 9.8 11.1 ¢ 1.1
25.7 0.8, 1.4, 1.2 1.1 ¢ 0,3
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